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Abstract

The gut microbiota is increasingly recognized as an important modulator of cardiovascular
health, demonstrating complicated interactions among diet, metabolism, immunology and
host physiology. Evidence is accumulating that changes in the composition and function of
the gut microbiome may contribute to the pathogenesis of atherosclerosis, hypertension,
heart failure, thrombosis and other cardiovascular phenotypes through mechanisms in-
volving microbial metabolites, intestinal barrier dysfunction, inflammation and metabolic
dysregulation. In this context, the key question of this narrative review is: how far can
modulation of the gut microbiome and its metabolic functions be a clinically meaningful
approach in the prevention and treatment of cardiovascular disease, and which of the
currently available microbiome-targeted approaches have sufficient mechanistic and clin-
ical evidence to justify translation into cardiovascular practice? To answer this question,
we review the evidence linking the gut microbiome to major cardiovascular phenotypes,
such as atherosclerosis, hypertension, heart failure, thrombosis and atrial fibrillation, with
particular focus on the mechanisms through which microbial metabolites, intestinal barrier
dysfunction, inflammation and metabolic dysregulation may affect cardiovascular risk.
We then review current and emerging strategies for microbiome modulation, including
dietary interventions, prebiotics, probiotics, synbiotics, postbiotics, fecal microbiota trans-
plantation and targeted inhibition of microbial metabolic pathways such as trimethylamine
(TMA)/trimethylamine N-oxide (TMAO) production. We also examine bidirectional inter-
actions between cardiovascular drugs and gut microbiome and the role of these interactions
in the development of precision methods to cardiovascular prevention and treatment. Fi-
nally, we outline the major limitations of the current evidence and highlight goals for future
mechanistic, translational and clinical research.
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1. Introduction
1.1. Cardiovascular Disease: A Growing Global Health Challenge

Cardiovascular diseases (CVDs) are the leading global causes of morbidity and mor-
tality, accounting for nearly one-third of all deaths and placing a significant socioeconomic
burden on healthcare systems [1]. Advances in prevention, pharmacological treatment
and interventional cardiology have resulted in decreased age-standardized cardiovascular
mortality in many high-income countries. However, the absolute burden of CVD is still
increasing, mainly due to population aging and the rising prevalence of obesity, type 2 dia-
betes mellitus, hypertension and metabolic syndrome [2]. Furthermore, a large proportion
of patients still experience cardiovascular events despite excellent therapy of recognized
risk factors, underlining the importance of residual cardiovascular risk, as well as the need
to find other modifiable determinants of disease [2].

Within this framework, the gut microbiome has been recognized as a key regulator of
human health and disease and has extended the definition of cardiovascular risk beyond
host genetics and conventional environmental effects [3,4]. The human gastrointestinal
(GI) tract contains a complex community of microbes, primarily bacteria but also archaea,
viruses and fungi, whose collective metabolic potential plays a role in nutrient metabolism,
vitamin production, transformation of bile acids, the integrity of the intestinal barrier, and
regulation of innate and adaptive immune responses [5–7]. Changes in the composition
and functional capabilities of this microbial population, usually referred to as gut dysbiosis,
have been linked to metabolic disorders and cardiovascular diseases [7–9]. Notably, the
concept of functional dysbiosis, referring to changes in microbial metabolic activity or
function, may be particularly significant in the setting of cardiovascular disease, as mi-
crobial metabolites can exert direct effects on host metabolic, inflammatory, vascular and
immunological pathways.

Evidence from experimental and clinical studies revealing bidirectional interactions
between the intestinal microbiota and the cardiovascular system through metabolic, in-
flammatory, endocrine, and immune-mediated pathways strengthened the concept of the
gut–heart axis [3,10]. Recent work has advanced this notion from descriptive connec-
tions of microbial composition with cardiovascular disease to the discovery of microbial
pathways and functions that may impact cardiovascular phenotypes. In a multi-omic
analysis of 1429 individuals from the Framingham Heart Study, integrated metagenomic
and metabolomic profiling identified microbial pathways associated with cardiovascular
health, such as cholesterol metabolism, with species belonging to the genus Oscillibacter
being associated with lower fecal and plasma cholesterol concentrations and conserved
cholesterol-metabolizing capabilities in vitro [11]. These results highlight the growing
importance of microbial activity and host–microbe metabolic interactions in addition to
taxonomic composition.

1.2. Dysbiosis as an Emerging Cardiovascular Risk Factor

Several mechanisms can explain the link between gut dysbiosis and cardiovascular
disease, such as variations in the generation of microbial metabolites, intestinal barrier dys-
function, immunological activation, and systemic inflammation [8,9,12]. Trimethylamine
N-oxide (TMAO) is one of the most studied cardiovascular risk factors among microbial
metabolites. TMAO is produced when gut microbes convert dietary choline, phosphatidyl-
choline, and L-carnitine into trimethylamine, which is then oxidized by the liver. Elevated
TMAO levels have been linked to accelerated atherosclerosis, endothelial dysfunction,
increased platelet reactivity, unfavorable cardiac remodeling and higher risk for significant
adverse cardiovascular events [12–14]. These correlations are actively pursued to determine
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their strength and causality, but experimental and clinical data suggests an essential role of
the gut microbial TMA–TMAO pathway in cardiovascular pathology [12–14].

In contrast, short-chain fatty acids (SCFAs), such as acetate, propionate and butyrate,
are mainly produced by bacterial fermentation of dietary fibers and may have beneficial
(but context-dependent) cardiometabolic effects [15]. SCFAs have a role in the regulation of
blood pressure, glucose and lipid metabolism, immune-cell differentiation and inflamma-
tory signaling and preserve the integrity of the intestinal barrier [15]. Another important
mechanism for the impact of the gut microbiota on cardiovascular disease is through
changes in bile acid metabolism. Gut microorganisms convert primary bile acids to sec-
ondary bile acids that signal to the host via receptors, such as farnesoid X receptor (FXR) and
G protein-coupled bile acid receptor 1 (TGR5), and influence lipid and glucose metabolism,
energy homeostasis, and inflammatory pathways [16,17]. These microbial metabolites are
key mediators of host–microbiome interactions and prospective therapeutic targets.

Apart from the metabolic abnormalities, gut dysbiosis could also disrupt the in-
tegrity of the intestinal epithelial barrier allowing the transfer of bacterial components like
lipopolysaccharide (LPS) to the systemic circulation. This mechanism, commonly referred
to as metabolic endotoxemia, can activate pattern-recognition receptors and induce persis-
tent low-grade inflammation that can contribute to endothelial dysfunction, oxidative stress,
vascular remodeling, and progression of atherosclerotic lesions [18,19]. The gut microbiome
has also been increasingly implicated in hypertension, heart failure, and thromboembolic ill-
ness, via complicated interactions, including immunological control, autonomic pathways,
intestinal permeability, and altered synthesis of microbial metabolites [20–22]. In particular,
recent studies suggest that microbial metabolites and intestinal barrier dysfunction affect
platelet reactivity and vascular inflammatory pathways, validating a broader role of the
gut microbiome in thrombotic cardiovascular phenotypes [22].

Combined, these studies have transformed the gut microbiota from a possible marker
of cardiovascular disease to a potentially changeable determinant and therapeutic target.
There has, consequently, been increased focus on ways to modulate microbial composition
or function, including dietary manipulation, probiotics, prebiotics, synbiotics, postbiotics,
and pharmaceutical modulation of host–microbiome interactions. However, there are still
substantial translational barriers, including the distinction between association and causa-
tion, high interindividual variability in microbial composition and metabolic responses and
the need for more solid evidence for the clinical efficacy of microbiome-targeted treatments.
These factors give a justification to evaluate current information on microbiome-derived
processes in cardiovascular disease, treatment methods available and their possible transla-
tional implications.

Methods. This article provides a narrative review of current research on the in-
volvement of the gut microbiome in cardiovascular disease, concentrating on microbiome-
derived mechanisms, therapeutic approaches and translational implications. We searched
the literature in PubMed and Web of Science from inception to August 2026. The search
strategy was meant to capture literature on gut microbiota and cardiovascular disease
connection, microbiome-derived metabolites and processes, dietary and pharmacological
interactions and microbiome-targeted therapeutic approaches. The search strategy included
combinations of the following keywords and associated terms: “gut microbiota”, “gut mi-
crobiome”, “dysbiosis”, “cardiovascular disease”, “atherosclerosis”, “hypertension”, “heart
failure”, “atrial fibrillation”, “microbial metabolites”, “trimethylamine”, “trimethylamine
N-oxide”, “TMAO”, “short-chain fatty acids”, “bile acids”, “nutrition”, “dietary fiber”,
“Mediterranean diet”, “polyphenols”, “probiotics”, “prebiotics”, “synbiotics”, “postbiotics”,
“fecal microbiota transplantation” and “microbiome-targeted treatments”. These phrases
were combined using Boolean operators (AND and OR) in the structure (“gut microbiome”
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OR “gut microbiota” OR dysbiosis) AND (“cardiovascular disease” OR atherosclerosis OR
hypertension OR “heart failure” OR “atrial fibrillation”), with other combinations tailored
to the specific topics discussed in the review.

Publications were considered eligible if they examined the association between the
gut microbiota/microbiome and cardiovascular disease or if they provided mechanistic,
clinical, or translational evidence relevant to microbiota-derived metabolites, cardiovascu-
lar drugs, dietary interventions, or microbiome-targeted treatments. Microbiota-derived
metabolites and pathways implicated in cardiovascular disease, interactions between the
gut microbiome and cardiovascular drugs, dietary interventions that impact the gut micro-
biome and cardiovascular outcomes, and therapeutic approaches targeting the microbiome
were included in the eligible literature.

Publications were eliminated if they did not directly address the gut microbiome–
cardiovascular disease connection, cardiovascular outcomes, microbiota-derived processes
or metabolites, or the specific objectives of the present review. Studies were also excluded if
the complete text was unavailable or the publication did not contain adequate information
to assess its relevance to the aims of the review.

Although no formal systematic review quality-appraisal tool was applied, given
the narrative nature of this review, methodological quality was considered qualitatively
when interpreting and weighting evidence. The literature reviewed included a variety
of study designs, including randomized controlled trials, systematic reviews and meta-
analyses, prospective cohort studies, mechanistic and animal studies, and expert consensus
statements. When available, randomized controlled trials, large prospective cohort studies,
and systematic reviews or meta-analyses were prioritized over smaller observational or
cross-sectional studies in considering the strength of evidence for a particular mechanism
or intervention. Consensus and position statements from recognized scientific bodies
were used to anchor terminology and definitions rather than as primary evidence of
clinical efficacy.

2. The Gut–Heart Axis: Mechanisms Linking Gut Dysbiosis to
Cardiovascular Disease
2.1. Gut Microbiota in Cardiovascular Homeostasis

The human gastrointestinal (GI) tract contains a complex and metabolically active
microbial community that cohabits in a dynamic symbiotic relationship with the host. The
structure of the gut microbiota varies greatly among individuals and is influenced by factors
such as age, genetics, food, lifestyle, medication usage, and environmental exposures, but
its functional ability is surprisingly similar. Such functional redundancy allows the gut
microbiota to retain key physiological functions despite interindividual taxonomic diversity.
Intestinal bacteria are not simply commensal organisms but rather an integrated metabolic
and immunological organ that produces a vast diversity of bioactive compounds that affect
local intestine physiology and distant organs, including the cardiovascular system [23,24].

The gut microbiome modulates cardiovascular homeostasis via several complementary
mechanisms. It participates in the fermentation of non-digestible dietary carbohydrates,
resulting in the production of short-chain fatty acids (SCFAs), serving as energy sources
for colonocytes and modulating the integrity of the intestinal barrier, immune tolerance
and host metabolism [25]. At the same time, gut microbes metabolize bile acids, amino
acids and other food components, consequently affecting cholesterol metabolism, glucose
balance, vascular function and systemic inflammatory responses [26]. In addition, the
gut microbiota contributes to the maturation of both innate and adaptive immunity by
maintaining the equilibrium of pro- and anti-inflammatory immune cell populations. It
also preserves the intestinal epithelial barrier integrity by regulating the expression of
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tight junction proteins and mucus production. These physiological processes collectively
provide the gut microbiota with a fundamental role in the regulation of metabolic and
immunological homeostasis, therefore providing the biological basis for the developing
role of the microbiota in cardiovascular health and illness [27,28].

Gut dysbiosis is defined as a disruption of this delicate balance and is characterized
by changes in the composition of the microbiota and functional changes in the microbial
metabolic activities. Increasing data suggests that dysbiosis is characterized by low mi-
crobial diversity, loss of helpful commensal bacteria, decreased production of protective
metabolites and proliferation of potentially dangerous microbes. Such modifications affect
host–microbiome interactions and activate metabolic and inflammatory pathways impli-
cated in cardiovascular disease [29,30]. Understanding the physiological significance of
the healthy gut microbiota is thus fundamental for exploring the potential of targeted
regulation of the microbial populations as a novel therapeutic approach for cardiovascular
prevention and treatment.

Among the many mechanisms that relate gut dysbiosis to cardiovascular disease,
changes in microbial metabolite production, disturbance of intestinal barrier integrity
and dysregulated immunological signaling have emerged as the main pathways of the
gut–heart axis.

2.2. Gut Dysbiosis: Definition, Determinants, and Functional Consequences

The gut microbiota is a dynamic ecology constantly responding to environmental
and host-derived variables. Under physiological circumstances, microbial populations
establish a symbiotic relationship with the host, which is involved in the maintenance
of metabolic homeostasis, regulation of immunity and the integrity of the intestinal bar-
rier [31]. However, a perturbation of this balance can lead to gut dysbiosis, a condition
defined by alterations of the composition, variety and functional capability of the intestinal
microbiota [32]. In addition, dysbiosis should not be considered only as a taxonomic imbal-
ance but as a perturbation of microbial functions that impairs host–microbiome interactions
and drives disease pathogenesis. Contemporary microbiome research is increasingly em-
phasizing the concept of functional dysbiosis, in which changes in microbial metabolic
activity may be the cause or even more important than observable changes in microbial
composition [33].

Gut dysbiosis is triggered by the complex interaction of several host and environ-
mental factors. Diet is one of the most powerful determinants of microbial ecology, and
western dietary patterns high in saturated fat, refined carbohydrates, and ultra-processed
foods are consistently associated with reduced microbial diversity and reduced production
of beneficial microbial metabolites [34]. In contrast, diets high in dietary fiber, polyphe-
nols from plants and fermented foods favor the growth of saccharolytic bacteria that can
produce short-chain fatty acids and other metabolites associated with cardiovascular pro-
tection [35,36]. Dysbiosis has been implicated not just in the pathogenesis of diet but also
aging, obesity, type 2 diabetes mellitus, chronic renal disease, smoking, alcohol intake, phys-
ical inactivity and psychological stress. Pharmacological medications, including antibiotics,
proton pump inhibitors, metformin and cardiovascular medicines that are increasingly
identified, can further modulate microbial communities by modifying bacterial composi-
tion and metabolic activity [37]. These results underline the very dynamic character of the
gut microbiome and reinforce the idea that microbial composition might be therapeutically
modulated throughout life.

Generally, dysbiosis is not characterized by a single disease-specific microbial signature
but by reduced microbial diversity, loss of health-associated commensal microorganisms,
expansion of opportunistic pathobionts and impaired production of metabolites involved
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in maintaining intestinal and systemic homeostasis [31]. These changes impair epithelial
barrier function, alter metabolism of bile acids and amino acids, reduce synthesis of short-
chain fatty acids and induce persistent low-grade inflammation via activation of innate and
adaptive immunological mechanisms. The gut dysbiosis has emerged as a key component
of the gut–heart axis, as these functional deficiencies have direct effects on vascular biology,
lipid metabolism, glucose homeostasis, and immunological responses [38,39]. Subsequent
sections highlight the key molecular routes by which microbial dysregulation contributes
to cardiovascular disease and the biological basis for microbiome-targeted therapeutics.

2.3. Major Mechanisms Linking Gut Dysbiosis to Cardiovascular Disease

Gut dysbiosis may play a role in cardiovascular disease (CVD) through several interre-
lated metabolic, inflammatory and vascular pathways. Changes in microbial composition
and function can impact the generation of bioactive metabolites, affect host metabolic sig-
naling, disrupt intestinal barrier integrity and increase systemic immunological activation.
The best characterized mechanisms comprise microbial transformation of dietary nutrients
to trimethylamine N-oxide (TMAO), altered production of short-chain fatty acids (SCFAs),
disruption of bile acid metabolism, intestinal barrier dysfunction with subsequent exposure
to microbial products and changes in amino acid-derived metabolites. These processes
should not be considered isolated, but as part of a complex network in which nutrition,
microbial metabolism, host physiology and cardiovascular risk interact.

2.3.1. Trimethylamine N-Oxide (TMAO)

One of the most well-studied pathways linking gut microbiota to CVD is the trimethy-
lamine (TMA)–TMAO pathway. Intestinal bacteria convert food substrates containing
trimethylamine groups (phosphatidylcholine, choline and L-carnitine) to TMA, which en-
ters the portal circulation and is oxidized mainly in the liver by flavin-containing monooxy-
genase 3 (FMO3) to produce TMAO. Thus, circulating TMAO concentration is not a direct
readout of microbial activity per se, but rather reflects the combined influence of dietary
substrate availability, microbial metabolic capacity, intestinal absorption, and host FMO3
activity, the latter of which varies substantially between individuals due to genetic polymor-
phisms, sex (estrogen suppresses FMO3 expression), and diet. This host-level variability
is an underappreciated confounder in TMAO research: two individuals with identical
microbial TMA-producing capacity could have dramatically different circulating TMAO,
meaning that TMAO-outcome associations conflate microbial and host metabolic contribu-
tions in ways that current studies rarely distinguish apart.

Experimental and clinical observational studies have hypothesized that TMAO might
modulate pathways relevant to atherosclerosis and thrombosis. In animal models, elevated
TMAO exposure has been linked to changes in cholesterol metabolism, decreased reverse
cholesterol transfer, vascular inflammation and faster development of atherosclerotic le-
sions. Furthermore, experimental studies demonstrated that TMAO might induce platelet
hyperreactivity and increase thrombosis potential [40]. Associations between circulating
TMAO concentrations and cardiovascular or thrombotic events have been observed in
humans in observational studies, including reporting from prospective cohorts and meta-
analyses [41]. However, these human data do not prove that TMAO is a causal factor of
cardiovascular disease. The discovered relationships could be impacted by renal function,
dietary patterns, metabolic status and other clinical variables. Importantly, there are cur-
rently no clinical trials showing that pharmacological or microbiome-directed decrease
of TMAO improves cardiovascular outcomes. Thereby, TMAO should be considered as
a biologically plausible mediator and possible risk marker, although its causative and
therapeutic relevance in humans is not fully demonstrated.
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Nevertheless, the TMAO pathway provides an important proof of concept for the gut–
heart axis: a dietary nutrient can be transformed by gut microorganisms into a circulating
molecule that may affect vascular and thrombotic function. As a consequence, this route has
drawn substantial interest as a therapeutic target, including strategies to manipulate food
substrate availability, inhibit microbial TMA biosynthesis, modulate microbial enzymes
implicated in TMA biosynthesis, or modulate host TMAO production. However, these
treatments are still exploratory and have not yet been shown to minimize cardiovascular
events in humans in clinical outcome trials.

2.3.2. Short-Chain Fatty Acids

Dietary carbohydrates escaping digestion in the upper gastrointestinal system are
fermented by gut microorganisms to short-chain fatty acids (SCFAs), mainly acetate, pro-
pionate and butyrate. SCFAs represent a critical link between microbial metabolism and
host physiology, with reported involvement in intestinal epithelial integrity, immunolog-
ical modulation, glucose and lipid metabolism, and vascular function. Mechanistically,
SCFAs exert their functions through at least two separate mechanisms: receptor-mediated
signaling by the free fatty acid receptors FFAR2 (GPR43) and FFAR3 (GPR41) and receptor-
independent epigenetic regulation through inhibition of histone deacetylases (HDACs) [42].
These two mechanisms are not interchangeable—FFAR2/FFAR3 signaling operates at phys-
iological SCFA concentrations and mediates rapid, receptor-specific effects on immune cell
function and metabolic hormone secretion, whereas HDAC inhibition requires the higher
intracellular SCFA concentrations (particularly of butyrate) typical of the colonic lumen,
and produces slower, transcription-wide effects on gene expression [43]. Thus, identifying
the dominant mechanism in a given tissue or physiological setting is not a trivial technical
point, but rather affects whether an observed SCFA effect is to be regarded as a targeted
signaling event or a more global epigenetic consequence of local SCFA build-up.

However, butyrate is distinctive in this context, as it is the major energy source for
colonocytes through β-oxidation, in addition to its receptor and epigenetic function [43].
This dual identity as a fuel and a signaling/epigenetic molecule has an important experi-
mental implication that is often underappreciated: the HDAC-inhibitory effect of butyrate
is most apparent when its role as an energy substrate is diminished, as in colonocytes un-
dergoing a Warburg-like shift to glucose metabolism, wherein unmetabolized butyrate ac-
cumulates intracellularly and more readily inhibits HDAC activity. Consequently, the major
physiological effect of butyrate (providing energy) and its major experimental/pathological
effect (HDAC inhibition) may be different metabolic states of the same cell rather than two
independent, additive actions—a distinction that the current microbiome–cardiovascular
literature rarely makes when attributing cardiovascular effects to “butyrate signaling.”

Additional experimental work, especially in animal models, suggests that signaling
by SCFAs may affect vascular tone and blood pressure [44]. However, the cardiovascular
relevance of SCFAs is less well established in people than the experimental literature may
imply. Their effects are likely to be dependent on the particular SCFA, concentration, place
of synthesis, receptor expression, tissue distribution, and metabolic environment. Fur-
thermore, fecal and circulatory levels of SCFAs are simply surrogate markers of microbial
production and biological activity. Associations of SCFA concentrations with cardiovascu-
lar phenotypes cannot in themselves prove that changed SCFA production is the cause of
cardiovascular illness.

This distinction is relevant when evaluating dietary fiber as a potential microbiome-
mediated therapeutic. While some of the cardiovascular benefits ascribed to higher fiber
intake may be plausibly mediated by microbial fermentation and SCFA signaling, dietary
fiber also impacts many microbial and host pathways simultaneously. These effects may
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be further modified by interindividual changes in baseline microbiota, substrate availabil-
ity, microbial metabolic capability, and host responsiveness. Consequently, total SCFA
concentrations should not be considered as a validated microbiome-targeted approach
for cardiovascular protection. Future therapies may need to target specific microbial
roles, metabolic pathways or host–microbiome interactions rather than generic increases in
overall SCFA production.

2.3.3. Altered Bile Acid Metabolism and Signaling
Microbial Transformation and Bile Acid Signaling

Another important metabolic link between gut microbiota and cardiovascular physiol-
ogy is bile acids. Primary bile acids are generated from cholesterol in the liver and released
into the intestine, where they are modified by intestinal bacteria. These microorganisms
deconjugate primary bile acids and also carry out other reactions that produce secondary
and other structurally different bile acids. These microbial modifications greatly increase
the bile acid pool and alter its physiologic signaling properties.

In addition to their long-standing role in lipid digestion, bile acids also function as
signaling agents through receptors, including the farnesoid X receptor (FXR) and the Takeda
G-protein-coupled bile acid receptor 1 (TGR5). Activation of these receptors influences lipid
and glucose metabolism, energy consumption, inflammatory responses and other activities
crucial to cardiometabolic health. However, not all effects are positive and the direction of
the effect appears to be tissue-specific and context-dependent. Intestinal FXR activation is
generally considered metabolically protective, yet systemic pharmacologic FXR agonism
in humans has produced the opposite lipid signature: in the FLINT trial, the FXR agonist
obeticholic acid increased LDL cholesterol and decreased HDL cholesterol compared with
placebo, an effect attributed to decreased hepatic LDL receptor expression [45]. This
immediately shows that FXR activation cannot be assumed a priori to be cardioprotective
because the same receptor pathway might plausibly change cardiovascular risk in either
direction depending on where and how it is activated. Therefore, dysbiosis-related changes
in microbial bile acid transformation may alter host metabolic signaling despite relatively
stable total bile acid concentrations.

Evidence Linking Bile Acids to Cardiovascular Disease

Emerging evidence in humans suggests that variations in bile acid content and signal-
ing may be connected with cardiometabolic risk. For example, a prospective cohort study
of human patients with newly diagnosed type 2 diabetes found that circulating secondary
bile acids and genetic variation in bile acid receptors were associated with subsequent
cardiovascular risk, suggesting that both metabolite composition and host receptor biology
may contribute to cardiovascular phenotypes [46]. This association, however, is based on an
observational design in a population with perturbed bile acid metabolism by diabetes and
glycemic status, and so reverse causality and residual confounding by metabolic disease
severity cannot be excluded; the study shows correlation of bile acid biology with risk, not
that bile acid changes are causally upstream of it. Furthermore, randomized dietary inter-
vention results in humans suggest that gut microbial bile acid metabolism may modulate
the cardiometabolic response to a Mediterranean diet intervention [47]. However, these
results do not indicate that microbiota-dependent changes in bile acid metabolism are a
direct cause of cardiovascular illness, nor do they illustrate that therapeutic manipulation
of specific bile acid pathways improves cardiovascular outcomes. Further mechanistic sup-
port is provided by experimental studies of FXR- and TGR5-dependent signaling, but the
extent to which these processes transfer to clinically relevant cardiovascular consequences
in humans is unclear.
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Crucially, bile acids should not be perceived as either “protective” or “harmful.” The
effects of these substances rely on their chemical structure, concentration, tissue distribution
and receptor-specific signaling. Thus, cardiovascular effects of dysbiosis may result from
changes in the composition and signaling qualities of the bile acid pool, rather than a
simple increase or reduction in the total amount of bile acids produced. This complexity is
particularly relevant when considering treatment techniques aiming at changing microbial
bile acid metabolism.

The mechanisms connecting gut microbial dysbiosis to cardiovascular disease should
be interpreted overall, depending on the level of evidence supporting each pathway. Mech-
anistic and observational data are currently relatively strong supporting the TMA/TMAO
axis, but definitive proof that lowering TMAO improves cardiovascular outcomes in hu-
mans is still missing. Biological and experimental data strongly support SCFA signaling
and microbiota-dependent bile acid metabolism, although their cardiovascular effects in
humans are apparently more varied and context-dependent. The presence of a biologically
plausible microbiome–cardiovascular link should not be taken as endorsement of that
pathway as a clinical treatment target. Such distinction is particularly significant when
evaluating microbiome-directed therapies, when improvement in microbial composition or
metabolite profiles does not always translate into improved cardiovascular outcomes.

2.3.4. Intestinal Barrier Dysfunction and Metabolic Endotoxemia

The intestinal barrier is a fundamental interface between the microbial environment
and the systemic circulation. It consists of the mucus layer, epithelial cells, tight-junction
complexes, immunological components and other defense systems that jointly govern the
passage of nutrients while limiting the translocation of microbes and possibly dangerous
microbial products. These processes can be impaired by dysbiosis, nutrition, metabolic
abnormalities and intestinal inflammation, leading to increased intestinal permeability.

One such hypothesized result is increased systemic exposure to lipopolysaccharide
(LPS), a structural component of the Gram-negative bacterial outer membrane. The term
“metabolic endotoxemia” refers to a chronic, low-grade increase in circulating endotoxin
that is related to metabolic illness. In a physiologically viable process supported by experi-
mental studies, LPS promotes innate immune signaling via toll-like receptor 4 (TLR4), with
downstream NF-κB activation implicated in endothelial activation, oxidative stress, insulin
resistance and vascular inflammation [48]. An important limitation, however, is that much
of this mechanistic evidence is derived from experimental LPS exposures, whether in cell
culture or animal models, that do not necessarily replicate the low-grade, chronic concen-
tration range implicated by “metabolic endotoxemia” in humans. Some of the foundational
studies, instead, employed acute, high-dose LPS challenge paradigms that are closer to
models of sepsis than of chronic low-grade endotoxemia. The relevance of such mecha-
nistic discoveries from these experiments to the much lower, chronic exposures relevant
to cardiometabolic disease has not been thoroughly proven, and this distinction should
moderate the directness of extrapolation of these experimental data to the human state.

The role of gut barrier disruption may not be restricted to LPS alone. Increased
permeability may result in exposure to a wider range of microbial-associated molecular
patterns and metabolites and increase systemic immunological activation. In addition, there
could be a bidirectional relationship where dysbiosis leads to a decrease in the production
of microbial metabolites that maintain the barrier, reduced barrier function increases
host exposure to microbial products, and consequent inflammation further compromises
intestinal integrity. Thus, intestinal permeability may be an essential mediator between
microbial dysbiosis and systemic cardiovascular inflammation.
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In human studies, the idea of metabolic endotoxemia should be interpreted with
caution. Circulating LPS is technically difficult to assess, and existing techniques may
be subject to sample handling, dietary lipids and other methodological problems. Thus,
although there is experimental evidence consistent with a biologically plausible function
of microbial products in systemic inflammation, the contribution of circulating LPS itself
to the pathogenesis of human CVD remains uncertain. This distinction is crucial because
the connection between an LPS-related parameter and cardiovascular risk should not
necessarily be considered evidence of a direct causative pathway [49].

Apart from TMAO, SCFAs and bile acids, various other microbiota-derived metabo-
lites, including indole derivatives, phenylacetylglutamine (PAGln), hydrogen sulfide, and
branched-chain amino acids, have also been connected with cardiovascular abnormalities
as detailed in the following sections. For each, the data is far more varied than for the
TMAO or SCFA pathways, and in many situations, it remains impossible to separate a
direct microbial metabolic contribution from broader modifications in host metabolism that
co-occur with dysbiosis rather than being triggered by it.

2.3.5. Other Microbial Metabolites

Indole metabolites. Other microbiota-derived metabolites, in addition to TMAO,
SCFAs and bile acids, may alter cardiovascular function. These substances are largely
generated by microbial metabolism of dietary amino acids and other host- or diet-derived
substrates. The evidence foundation for some metabolites is less developed, although
several routes have been explored for their possible impact on atherosclerosis, endothelial
function, inflammation and thrombosis. Microbes in the gut convert the dietary compound
tryptophan to numerous indole derivatives, including indole-3-propionic acid (IPA), indole-
3-acetic acid and other indoles. These metabolites can impact intestinal barrier function,
oxidative stress and immunological responses and can modulate host signaling pathways,
such as the aryl hydrocarbon receptor. Cardiovascular effects of indole metabolites appear
to be metabolite rather than class specific. The human observational evidence from a
combined microbiome–metabolome investigation shows that circulating IPA concentrations
were lower in patients with coronary artery disease, and lower levels of IPA were linked
with increased atherosclerotic cardiovascular disease burden. By contrast, experimental
investigations in mice have shown that supplementation with IPA reduces the production
of atherosclerotic lesions. Mechanistic studies have suggested that IPA may enhance
macrophage cholesterol efflux and reverse cholesterol transport through modulation of
the miR-142-5p/ABCA1 pathway [50]. The findings are consistent with the biological
plausibility of a protective role of IPA and other potentially beneficial microbial metabolites,
but do not demonstrate reduced IPA availability as a causal driver of cardiovascular disease
in people.

Phenylacetylglutamine (PAGln). For example, PAGln is a microbiota-dependent
molecule that could relate intestinal amino acid metabolism to thrombosis. Phenylalanine
is converted by gut microorganisms to phenylacetic acid, which is then conjugated by
the host to PAGln. Higher circulating PAGln concentrations have been associated with
cardiovascular disease and worse cardiovascular outcomes in human observational studies.
Mechanistic evidence has also been shown by experimental research for an increase in
platelet activation and thrombotic potential by PAGln. Mechanistically, PAGln can activate
adrenergic G-protein-coupled receptors, including α2A-, α2B- and β2-adrenergic receptors,
offering a potential method by which microbial metabolism may alter platelet function [51].
These findings provide support for a physiologically plausible gut–thrombosis axis and
imply that microbial processes contributing to PAGln production may be possible thera-
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peutic targets. However, it has not been demonstrated in clinical trials that lowering PAGln
synthesis or signaling can reduce thrombotic or cardiovascular events in humans.

Hydrogen sulfide. Hydrogen sulfide (H2S) is a gaseous signaling molecule gen-
erated endogenously by mammalian tissues and intestinal bacteria. Its cardiovascular
activities include regulation of vascular tone, oxidative stress, inflammation, vascular
smooth-muscle behavior and platelet activity. The microbial generation of H2S depends on
the availability of sulfur-containing substrates and the abundance and metabolic activity of
sulfur-metabolizing bacteria. Preclinical and experimental studies suggest that physiologi-
cal concentrations of H2S may exert vascular-protective effects, whereas excessive exposure
may produce adverse cellular effects. Thus, like with certain other microbial metabolites, its
biological action seemed to be concentration- and context-dependent. However, there is a
lack of direct data linking changes in intestinal H2S production with clinical cardiovascular
outcomes, but the available evidence supports a potential role for microbiota-derived H2S
in vascular homeostasis and atherosclerosis [52].

Branched-chain amino acids. Leucine, isoleucine and valine are essential amino acids
and are involved in protein synthesis, energy metabolism and nutrient-sensing pathways.
Elevated circulating levels of BCAAs have been related to insulin resistance, obesity and
other metabolic disorders, and recent data has demonstrated a link between BCAA dys-
regulation and CVD. Human observational data is from a large prospective cohort study
of 27,041 women in which elevated circulating BCAA concentrations were related to the
incidence of CVD despite adjustment for recognized cardiovascular risk factors [53]. Similar
relationships have been identified in other populations, such as patients with chronic renal
disease and hypertension. However, circulating BCAA concentrations may be affected by
food intake, host catabolism, insulin sensitivity, mitochondrial metabolism and potentially
microbial metabolism, and it is therefore difficult to directly relate their cardiovascular con-
nections to gut microbial activity. Accordingly, BCAAs should not currently be interpreted
as specific biomarkers of gut microbial dysfunction. In addition, Mendelian randomization
studies have not consistently demonstrated a causal connection between genetically pre-
dicted circulating BCAA concentrations and cardiovascular characteristics [54]. Therefore,
BCAAs may represent metabolic indicators and potential mediators of cardiometabolic
dysfunction, but the causal role of BCAAs in CVD and, specifically, the extent to which
gut microbial metabolism contributes to these correlations, needs further clarification.
(Summary in Table 1).

In general, the data available indicates that the cardiovascular effects linked to gut
dysbiosis are unlikely to be caused by a single microbial taxon or molecule. Rather, dys-
biosis could be defined by concurrent shifts in microbial metabolic pathways, including
increased production of potentially pathogenic metabolites, decreased bioavailability or
altered signaling of other microbial products, disturbance of bile acid metabolism, per-
turbation of intestinal barrier function, and modulation of systemic inflammatory and
thrombotic pathways. This supports a functional rather than a compositional view of the
gut microbiome–cardiovascular link.

But importantly, the strength of evidence for these paths varies greatly. One of the
more extensively studied pathways both experimentally and epidemiologically is the
TMA/TMAO axis, although whether TMAO is a causal mediator and if reducing TMAO
will improve cardiovascular outcomes in humans remain open questions. Evidence for
SCFA signaling, bile acid metabolism, indole derivatives, H2S, PAGln and BCAAs is simi-
larly variable and differs greatly between experimental and human research. Specifically,
relationships between circulating metabolites and cardiovascular phenotypes do not indi-
cate that altered microbial production is accountable for the observed clinical consequences.
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Table 1. Major gut microbiota-derived mechanisms linking intestinal dysbiosis to cardiovascular
disease and their potential therapeutic implications.

Gut Microbial
Pathway/Metabolite

Major Microbial or
Host Processes

Principal
Mechanisms

Relevant to CVD

Potential
Cardiovascular
Consequences

Potential
Therapeutic
Implications

Trimethylamine–
TMAO pathway

Microbial conversion
of choline,

phosphatidylcholine,
and L-carnitine to

trimethylamine
(TMA), followed by
hepatic oxidation to

TMAO by
flavin-containing
monooxygenases

(FMO3)

Altered cholesterol
metabolism;

impaired reverse
cholesterol transport;

vascular
inflammation;

endothelial
dysfunction;

increased platelet
reactivity and

thrombosis

Atherosclerosis,
coronary artery

disease, increased
thrombotic risk

Dietary substrate
modification;

modulation of
TMA-producing

bacteria; inhibition
of microbial TMA

formation;
modulation of host
TMAO production

Short-chain fatty
acids (SCFAs)

Microbial
fermentation of

dietary fiber and
resistant

carbohydrates
produces acetate,
propionate, and

butyrate

Activation of
FFAR2/GPR43 and

FFAR3/GPR41;
histone deacetylase
inhibition; immune

regulation;
maintenance of

intestinal barrier
integrity; modulation

of vascular and
metabolic signaling

Potential protection
against

inflammation,
hypertension,
endothelial
dysfunction,

metabolic
disturbances

Increased
fermentable dietary

fiber; prebiotics;
probiotics;

next-generation
microbial therapies;

enhancement of
SCFA-producing

pathways

Bile acid–microbiota
axis

Microbial
deconjugation and
transformation of
primary bile acids
into secondary bile

acids

FXR and TGR5
signaling

modulation;
regulation of lipid

and glucose
metabolism;

inflammatory
control; cholesterol

homeostasis

Altered
cardiometabolic risk;

contribution to
atherosclerosis via
bile acid signaling

imbalance

Dietary modulation;
microbiota-targeted
interventions; bile
acid receptor ago-
nists/antagonists;

modulation of
microbial bile acid

metabolism

Intestinal barrier
dysfunction and

metabolic
endotoxemia

Dysbiosis-induced
disruption of mucus

layer, epithelial
integrity, and tight

junctions; increased
translocation of

microbial products
(e.g., LPS)

LPS/TLR4 activation;
NF-κB signaling;

systemic
inflammation;

oxidative stress;
endothelial
dysfunction;

metabolic
impairment

Chronic
inflammation,

insulin resistance,
hypertension,
endothelial
dysfunction,

vascular disease

Restoration of gut
barrier integrity;

dietary
interventions;

microbiota
modulation;
reduction of

pro-inflammatory
microbial products

Phenylacetylglutamine
(PAGln)

Microbial
metabolism of

phenylalanine to
phenylacetic acid
followed by host
conjugation with

glutamine

Activation of
adrenergic receptors;

increased platelet
reactivity;

pro-thrombotic
signaling

Increased
thrombosis risk and

cardiovascular
events

Inhibition of
PAGln-producing

microbial pathways;
modulation of

precursor
availability;

microbiota-targeted
interventions
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Table 1. Cont.

Gut Microbial
Pathway/Metabolite

Major Microbial or
Host Processes

Principal
Mechanisms

Relevant to CVD

Potential
Cardiovascular
Consequences

Potential
Therapeutic
Implications

Hydrogen sulfide
(H2S)

Production by host
and

sulfur-metabolizing
gut microbes from
sulfur-containing

substrates

Regulation of
vascular tone;

oxidative stress
modulation;

anti-inflammatory
effects; smooth

muscle and platelet
regulation

Effects on blood
pressure regulation,

vascular
homeostasis,

atherosclerosis
(dose-dependent)

Modulation of
sulfur-metabolizing

microbiota;
controlled H2S

donor strategies
(experimental)

Branched-chain
amino acids (BCAAs)

Metabolism of
leucine, isoleucine,

and valine
influenced by diet,

host metabolism, and
microbial activity

Altered nutrient
sensing;

mitochondrial
dysfunction; insulin
resistance; metabolic

stress; vascular
effects

Association with
cardiometabolic

disease and incident
CVD

Dietary
modification;

metabolic
improvement;
modulation of
BCAA-related

microbial pathways

Abbreviations: AhR, aryl hydrocarbon receptor; BCAAs, branched-chain amino acids; CVD, cardio-
vascular disease; FFAR2, free fatty acid receptor 2; FFAR3, free fatty acid receptor 3; FMO3, flavin-
containing monooxygenase 3; FXR, farnesoid X receptor; H2S, hydrogen sulfide; LPS, lipopolysaccha-
ride; NF-κB, nuclear factor-κB; PAGln, phenylacetylglutamine; SCFAs, short-chain fatty acids; TMA,
trimethylamine; TMAO, trimethylamine N-oxide; TGR5, Takeda G-protein-coupled bile acid receptor.

Accordingly, the existence of a biologically plausible gut microbiome–cardiovascular
connection should not be considered as evidence that the pathway is an established thera-
peutic target. Future investigations should include longitudinal and mechanistic studies in
humans, consistent methods for microbiome and metabolite evaluation, and appropriately
powered microbiome-targeted clinical trials with clinically meaningful cardiovascular out-
comes. Such research will be essential to understand which microbiome-associated changes
are causal processes, disease-associated biomarkers or modifiable treatment targets.

2.4. Gut Dysbiosis Across the Cardiovascular Disease Spectrum

The link between gut dysbiosis and cardiovascular disease is not limited to a cardio-
vascular phenotype. Alterations of gut microbial composition and function have been
described in atherosclerosis, hypertension, heart failure (HF), atrial fibrillation (AF) and
ischemic stroke. While the exact microbial signatures differ between diseases and study pop-
ulations, some common patterns are apparent, including a decreased abundance of short-
chain fatty acid (SCFA)-producing microorganisms, an increase in potentially pathogenic or
pro-inflammatory taxa, alterations in microbial metabolism of amino acids and bile acids, a
compromised intestinal barrier function, and increased systemic inflammatory signaling.
Most human studies now available are observational, and microbiome profiles are altered
by age, food, usage of medications, renal function, metabolic condition and disease severity.
Thus, microbial fingerprints associated with disease should not be automatically considered
causal drivers.

2.4.1. Atherosclerosis

Among cardiovascular disorders, the gut microbiota has been most studied in
atherosclerosis. Initial metagenomic investigations revealed changes in the composition of
gut microbial communities between symptomatic atherosclerosis patients and healthy
controls. For instance, Collinsella was concentrated in individuals with symptomatic
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atherosclerosis while Roseburia and Eubacterium were enriched in controls. Moreover,
functional variations in the gut metagenome were also found, indicating that changes in mi-
crobial metabolic ability may have more biological implications than taxonomic differences
per se [55].

Additional studies have connected atherosclerotic disease with numerous microbiome-
related processes, including TMAO-related metabolism, SCFA synthesis, bile acid
metabolism, and other microbial metabolites. These pathways may affect cholesterol
management, macrophage function, endothelial activation, inflammatory signaling and
platelet reactivity. Conversely, a reduction of SCFA-producing microbes may compromise
gut barrier integrity and immunological function. Increased intestinal permeability and
exposure to microbial compounds such as lipopolysaccharide have also been suggested to
contribute to vascular inflammation.

However, the variability of microbial observations amongst human cohorts challenges
the identification of a universal microbial signature related to atherosclerosis. Observed
diversity may be explained by differences in diet, geography, drug exposure, illness pheno-
type, comorbidity load, sequencing technology and analytical methodologies [56]. There is,
therefore, no evidence to date for the use of any single microbial taxon as a viable clinical
biomarker for atherosclerosis. Instead, these findings increasingly lend themselves to the
study of functional microbial pathways and metabolite synthesis. Whether such changes
are causes, outcomes or moderators of atherosclerotic disease must be determined.

2.4.2. Hypertension

Changes in gut microbial diversity and composition have also been linked to hyper-
tension. In a previous metagenomic study of 60 patients with primary hypertension and
60 matched controls, decreased microbial diversity and altered microbial gene profiles were
found in persons with hypertension. Opportunistic taxa such as Klebsiella and Streptococ-
cus were more prevalent in the hypertensive group, while SCFA-producing bacteria such
as Roseburia and Faecalibacterium prausnitzii were more abundant in controls [57]. Later
research and systematic analyses have, on the whole, indicated a link between altered
microbial diversity and hypertension, but the direction and size of alterations in individual
taxa have differed greatly between studies [58]. Several plausible pathways might link
these changes to blood pressure regulation, including SCFA-mediated signaling, modula-
tion of vascular tone, immunological activation and changes in intestinal barrier function.
Experimental studies provide mechanistic support for a function of microbial metabolites
in blood pressure regulation, while evidence from human research remains less consistent.
In particular, diminished microbial diversity or depletion of certain SCFA-producing taxa
cannot be regarded at present as distinct biomarkers or known causes of hypertension.
Dietary patterns, antihypertensive medicines, obesity, renal function and other metabolic
variables may independently affect both the gut flora and blood pressure.

Accordingly, current evidence supports an association between gut microbial alter-
ations and hypertension but does not establish a uniform microbial signature or a causal
pathway that can be therapeutically targeted in clinical practice.

2.4.3. Heart Failure

Heart failure involves complex bidirectional interactions between the circulatory sys-
tem and the gut. Dysbiosis is common in HF patients, with some cohorts showing reduced
microbial diversity, reduction of SCFA-producing bacteria and concentration of potentially
pathogenic taxa. One metagenomic investigation showed that HF patients had increased
abundance of microbial genes involved in TMA production, and the abundance of cntA/B
genes was closely associated with circulating TMAO concentrations; these genes were
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mainly assigned to Escherichia and Klebsiella species [59]. This finding should be interpreted
with an important limitation: a bloom of Enterobacteriaceae, including these genera, is a
well-established, non-specific signature of gut dysbiosis across many states of critical or
chronic illness, reduced gut perfusion, and antibiotic exposure—it is not unique to HF. As a
single cross-sectional investigation, this work reveals a plausible mechanistic relationship
between microbial functional capacity and circulating TMAO, but cannot establish whether
the dysbiosis identified is HF-specific or a generic indicator of illness severity.

The reverse causal path is also possible: the pathophysiology of HF may independently
contribute to intestinal dysbiosis. Changes in dietary intake, intestinal perfusion, venous
congestion, intestinal edema, and decreased cardiac output may all impact microbial ecol-
ogy and alter intestinal barrier function. Increased gut permeability may facilitate transfer
of microbial metabolites and contribute to systemic inflammation, thereby perpetuating a
self-sustaining loop of gut dysfunction and cardiac deterioration. Much of the molecular
complexity of this reverse pathway comes from physiological thinking and animal or
experimental congestion models rather than direct human confirmation and should be
regarded as a probable complementary mechanism rather than an established one.

Higher circulating TMAO has been consistently associated with worse HF severity
and outcomes in clinical investigations, although the strength of causal inference differs
between designs. In a prospective cohort of 720 stable HF patients, greater plasma TMAO
was related to increased long-term mortality, an effect that remained after adjustment for
conventional risk variables, BNP, and renal function [60]. A second prospective study also
demonstrated a rise in TMAO levels with NYHA functional class and an inverse association
with transplant-free survival [61]. A meta-analysis of 6879 patients confirmed that higher
TMAO was associated with increased major adverse cardiovascular events and all-cause
mortality [62]; however, significant heterogeneity remained, even after adjustment for renal
function, indicating that unmeasured confounding, inconsistent TMAO assay methodology
or true population heterogeneity across the pooled studies limits how uniformly this
association can be generalized.

Taken together, observations identify TMAO as a statistically significant predictive
correlate of worse outcomes in HF, but not as a validated disease-specific biomarker or
an established causative or therapeutic target. The main limitation, however, is that renal
impairment, which is extremely common in HF and a major independent determinant of
circulating TMAO, is difficult to fully separate from HF severity itself in observational
designs, and persistent heterogeneity after renal adjustment suggests this confounding
may not be fully resolved by statistical correction alone. Future prospective studies with
mechanistic outcome data, e.g., whether microbiome-targeted reduction of TMA/TMAO
production improves clinical endpoints independent of renal function, will be needed
before the causative and therapeutic importance of TMAO in HF can be demonstrated.

2.4.4. Atrial Fibrillation

The gut microbiota has been increasingly implicated in atrial fibrillation (AF), but
the evidence base here is far less extensive than for atherosclerosis or heart failure—the
literature comprises just a couple of cross-sectional studies rather than the larger, partly
longitudinal evidence base available for those conditions, and no AF-specific mechanistic
pathway has yet been experimentally validated. Changes in the structure of the gut
microbial community in AF patients have been shown. One study comparing AF patients
to non-AF controls described consistent patterns of dysbiosis in paroxysmal, persistent and
permanent AF, suggesting that the association may be related to AF as a phenotype rather
than to a specific clinical subtype [63]. However, as a cross-sectional comparison, this design
cannot distinguish whether dysbiosis precedes the onset of AF or is a consequence of it—a
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distinction that matters considering that AF itself alters splanchnic perfusion and autonomic
tone and that AF patients are often exposed to anticoagulants, antiarrhythmics and rate-
control agents, any of which could independently remodel gut microbial composition.

Functional metagenomic data provide a more mechanistically specific, although still
restricted, line of evidence. In one metagenomic comparison (n = 50 AF patients vs.
50 controls), AF patients were enriched for genes encoding enzymes involved in TMA-
generating pathways, such as choline-TMA lyase, carnitine monooxygenase, and glycine
betaine reductase [64]. This is the only metagenomic study of its kind in AF to date,
and a single moderate-sized comparison is not sufficient to conclude that TMA-pathway
enrichment is a reproducible or AF-specific feature as opposed to a chance finding or a
correlate of the same comorbidities (obesity, diabetes, renal disease) discussed below.

Links between dysbiosis and atrial arrhythmogenesis have been proposed through
several mechanisms, many of which are extrapolations of mechanisms described above in
atherosclerosis and heart failure, including microbial modulation of systemic inflammation,
autonomic tone, oxidative stress, endothelial function and atrial structural remodeling. Few,
if any, of these pathways have been directly shown in atrial tissue or in AF-specific models;
their inclusion here is based on biological plausibility rather than AF-specific mechanistic
evidence. TMAO is the most common postulated potential connecting mediator, although
a feasible pathway is not the same as a demonstrated pathway in this setting.

This evidence should be interpreted with special caution because AF is often accompa-
nied by hypertension, obesity, diabetes, heart failure, coronary disease and chronic renal
disease, each of which separately and dramatically changes the makeup of gut microbes.
None of the studies reviewed above seems to fully isolate AF-specific microbiological
signals from these shared comorbidities. The evidence in the present is therefore supportive
of a relationship between gut dysbiosis and AF, but is not yet enough to determine a
disease-specific microbial signature, a direct causative mechanism or even the direction of
causality. Prospective, longitudinal studies are needed to determine if microbial change
precedes AF onset and if targeting these pathways can reduce AF incidence or recurrence.
These studies should be performed, if possible, in AF patients without major comorbid
burden or with statistical adjustment for comorbidity and medication exposure.

2.4.5. Integrative Perspective

Several recurrent gut microbiome–host cardiovascular physiology interactions can
be observed across the cardiovascular disease spectrum. Atherosclerosis has been linked
to altered microbial metabolic pathways, hypertension to changes in microbial diversity
and SCFA-producing capacity, HF to intestinal barrier dysfunction and altered microbial
metabolism, including TMAO-related pathways, and AF to dysbiosis and enrichment of
TMA-producing pathways. These findings imply that cardiovascular phenotypes may be
described by partially overlapping microbiome-related pathways, rather than by disease-
specific microbial fingerprints.

This interpretation is particularly pertinent as atherosclerosis, hypertension, HF, and
AF share several risk factors and pathophysiological processes, including systemic inflam-
mation, endothelial dysfunction, metabolic abnormalities, thrombosis, and autonomic
dysregulation. Thus, the gut microbiota may be one piece of a larger network connect-
ing dietary intake, metabolism, immunology and cardiovascular physiology. Established
cardiovascular illness can itself modify the intestinal environment through changes in
perfusion, venous congestion, nutrition, drug exposure and host metabolism. Therefore,
this association should be interpreted as a potential bidirectional rather than a linear chain
of events in which dysbiosis occurs prior to cardiovascular disease.
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Taken together, existing evidence indicates the existence of a gut–cardiovascular axis
across many CVD symptoms but does not provide an overall disease-specific microbial sig-
nature, nor demonstrates that microbiome perturbations are independently causative. The
obvious influence of diet, drugs, comorbidities, geography, age and host genetics compli-
cates the challenge of identifying reproducible microbial biomarkers. Future investigations
should thus go beyond taxonomic connections and include functional characterization
of microbial pathways and metabolites, longitudinal designs that are able to establish
temporal relationships and intervention trials with clinically significant cardiovascular end-
points. This technique will allow differentiation between microbiota changes that are causal
mediators and those that are biomarkers or sequelae of established cardiovascular disease.

3. Therapeutic Modulation of the Gut–Cardiovascular Axis
The growing evidence suggests that the composition and function of the gut microbiota

are linked to cardiovascular disease, leading to interest in therapies that target the gut–
cardiovascular axis. These strategies include dietary manipulation, probiotic or prebiotic
treatment, synbiotics and postbiotics, fecal microbiota transplantation (FMT), and targeted
suppression of microbial metabolic pathways.

However, the data available varies considerably among interventions and clinical
situations. Most studies have examined intermediate outcomes such as blood pressure,
cholesterol concentrations, glycemic parameters, inflammatory markers, or microbiome
composition rather than cardiovascular events. In addition, therapies modulating the
microbiota may also affect many pathways in the host, making it difficult to establish if
cardiovascular effects are particularly mediated via microbiome alterations. Direct compari-
son of research is also limited by heterogeneity in intervention composition, dose, duration,
patient characteristics, baseline diet and microbiota, and analytical methodologies [65,66].

Accordingly, microbiome-directed therapies should be considered exploratory or
supplementary techniques at this time and not substitutes for proven cardiovascular
preventative and therapy strategies. Ultimately, their clinical relevance will depend on
reproducible changes in microbial composition or metabolite profiles and on demonstrating
clinically meaningful and persistent benefits in cardiovascular outcomes.

3.1. Dietary Modulation

Diet is one of the most accessible and potent factors of gut bacteria composition and
metabolic activity. Dietary patterns with high intake of plant-derived foods, dietary fiber, re-
sistant starch, polyphenols and unsaturated fatty acids may provide substrates that support
microbial diversity and the production of potentially beneficial metabolites. Western-style
dietary patterns characterized by high intakes of saturated fat, refined carbohydrates and
ultra-processed foods have been associated with microbial alterations and metabolic distur-
bances. Among dietary patterns, the Mediterranean diet has gained particular interest as
its cardioprotective effects could be mediated, at least in part, via interactions with the gut
flora. Longitudinal analyses demonstrated that the link between the Mediterranean-style
diet and lower cardiometabolic disease risk was mediated by gut microbiome makeup.
Randomized dietary interventions can modify the microbial composition and profiles of
fecal metabolites, and improve cardiometabolic risk factors [67,68]. But a key disadvantage
is that cardiovascular benefits cannot usually be clearly linked to changes in the gut flora.
Dietary patterns like the Mediterranean diet simultaneously modify calorie intake, fatty
acid composition, exposure to fiber and polyphenols, glycemic load and countless other
dietary parameters that independently affect cardiovascular risk. Therefore, even if a
dietary intervention modifies the microbiome and improves cardiovascular risk factors, this
does not indicate that the microbiome is the primary mediator of those benefits. Similarly,
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an increase in microbial diversity must not be seen as a therapeutic target per se. There is
emerging evidence to support the assessment of specific diet–microbiome–host metabolic
interactions rather than presuming that general changes in microbial composition will
translate universally to cardiovascular benefit [47,69].

Dietary fiber may be of special importance because its fermentation by intestinal
microbes generates short-chain fatty acids (SCFAs), such as acetate, propionate, and bu-
tyrate. These metabolites can affect intestinal barrier integrity, immunological responses,
glucose and lipid metabolism, vascular function and blood pressure through interaction
with G-protein-coupled receptors and other signaling pathways. Recent clinical evidence
indicates that prebiotic fiber therapies can lower blood pressure in some hypertensive
groups, with the magnitude of benefit dependent on substrate, dose, baseline microbiota,
and host factors. Therefore, a dietary modulation should not be considered merely as
an attempt to promote microbial diversity; rather, the functional ramifications of par-
ticular food–microbial interactions may be more important than taxonomic alterations
per se [70,71].

Another route by which diet may alter the gut flora is via polyphenol-rich foods.
Many dietary polyphenols undergo significant metabolism by the gut microbiota, resulting
in metabolites with biological activity that can modulate inflammation, endothelial func-
tion, oxidative stress, and metabolic homeostasis. In turn, the microbiome can change the
bioavailability and biological activity of dietary polyphenols, establishing a bidirectional
interaction between dietary components and microbial metabolism. Dietary interventions
may therefore affect microbial composition, microbial metabolic pathways and host signal-
ing simultaneously, which could contribute to the cardiovascular advantages of plant-rich
diets [72,73].

Importantly, the cardiovascular and microbiome-related effects of dietary interven-
tions may also depend on the physicochemical properties of the food matrix delivering
bioactive chemicals. Food structure and composition and processing conditions may alter
the stability, release, bioaccessibility and subsequent intestine availability of dietary com-
ponents [74–77]. These parameters could also impact the amount and chemical form of
substrates arriving in the gut microbiota and, consequently, the diet–microbiome interac-
tions [75]. For example, food processing may change the structure of plant tissues and the
interactions between polyphenols and other food components, and thus their bioavailabil-
ity and metabolism by the gut microbiota [76,77]. This means that the biological effects of
a particular nutrient or bioactive chemical must not always be seen in isolation from the
food matrix and processing circumstances. Therefore, in addition to nutrient composition
and dosage, food structure, processing and matrix-dependent bioaccessibility should be
additionally considered when evaluating the potential cardiovascular consequences of
future microbiome-targeted dietary treatments.

3.2. Probiotics

Probiotics are live microorganisms that confer a health benefit on the host when
administered in suitable doses. It is biologically possible that their potential cardiovascular
relevance may entail modification of the intestinal microbial ecology, augmentation of
epithelial barrier integrity, interaction with host immunological responses, and adjustment
of microbial metabolite synthesis. These changes may then alter cholesterol and glucose
metabolism, systemic inflammation and blood pressure. However, probiotic effects are very
dependent on strain, dose, formulation, duration of administration and host. Therefore,
data acquired with one microbe or formulation should not be directly extended to other
probiotic preparations [78–80].
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There is some evidence from human intervention trials to suggest that probiotics may
alter selected cardiovascular risk indicators, although the amount and consistency of effects
are variable. Meta-analyses of RCTs have demonstrated increases in parameters such as
blood pressure, body weight, lipid concentrations and glycemic indices, but considerable
heterogeneity has been detected between studies [81–83]. More subsequent investigations
in subjects with coronary heart disease have also shown improvements in specific lipid
markers [83]. Changes in surrogate markers of risk, however, should be evaluated with
caution. Reduction in blood pressure and improvement in lipid concentrations or adjust-
ment of glycemic indices alone do not demonstrate reduction in myocardial infarction,
stroke, cardiovascular mortality or other clinical cardiovascular outcomes. The evidence
so far gives a rationale for additional exploration but does not establish probiotics as an
intervention that can prevent cardiovascular events.

Clinical findings may be inconsistent because of a variety of sources of heterogeneity.
The term “probiotic” comprises a vast spectrum of bacterial and other microbial strains,
combinations, doses, delivery matrices, and treatment schedules, each of which can have
different biological effects. Baseline diet, drug use, metabolic profile, age and pre-existing
microbiota may also influence the response to supplementation. Therefore, apparently
conflicting results between trials should not be regarded as evidence that probiotics are
essentially ineffective, but rather that the biological response is contingent on the strain–
host interaction. This distinction is especially crucial to the interpretation of pooled analyses
that mix mechanistically and clinically diverse preparations.

It is also unknown whether the introduced microorganisms have the ability to perma-
nently alter the existing microbiota. Colonization and functional activity may be dependent
on the makeup of the baseline microbiota of the receiver, availability of nutrients, circum-
stances of the intestinal environment, and concurrent medications. Hence, bacteria capable
of exerting observable metabolic effects in one population may have quite different effects
in a different population. Such environment dependence provides a reasonable explanation
for the low repeatability of various microbiome and cardiometabolic outcomes between
intervention studies [79,84].

Overall, the evidence does not support the use of probiotics as a uniform treatment
class for cardiovascular protection. Therefore, future clinical trials should characterize
the delivered strain or defined microbial mix, dose, viability, formulation and duration of
treatment and should give priority to clinically relevant outcomes over surrogate markers
alone. Baseline microbiome and metabolomic profiles may also help identify responders
and non-responders and investigate whether unique host–microbe interactions account
for variation reported across studies. Until such data are forthcoming, changes in the
microbiome composition or intermediate markers of cardiovascular risk should be regarded
as mechanistic or surrogate results, rather than direct evidence of cardiovascular benefit.

3.3. Prebiotics

Prebiotics are substrates that are selectively utilized by host bacteria that offer a
health advantage [85]. They do not introduce live bacteria into the gastrointestinal tract
as do probiotics, but rather adjust the availability of substrates for specific microbial
populations and metabolic pathways. Examples from nutritional and cardiometabolic
studies include inulin-type fructans, fructooligosaccharides, galactooligosaccharides and
resistant starch. Their microbial fermentation can affect the formation of short-chain
fatty acids and may additionally influence intestinal barrier function, glucose and lipid
metabolism, inflammation and vascular physiology [85].

New clinical evidence indicates that microbiota-targeted treatments, such as prebi-
otics, may impact blood pressure, but the extent and reproducibility of the effect remain
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questionable. More direct evidence for this cardiovascular risk factor is provided by a
systematic review and meta-analysis examining probiotics, postbiotics, prebiotics, and
synbiotics specifically for hypertension [79]. However, these findings should be viewed
as the wide variability of microbiome-targeted treatments and should not be regarded as
evidence that all prebiotic formulations have similar antihypertensive effects.

One major cause of this heterogeneity is the fact that prebiotic responses depend on
the features of the recipient microbiota. Experimental human data suggest that reactions to
different prebiotics may be very consistent between individuals, but that individual traits
may explain a large part of the heterogeneity regarding short-chain fatty acid responses [86].
Thus, habitual fiber consumption and baseline microbial features may alter the metabolic
response to supplementation [86,87]. These data show that the action of a prebiotic cannot
be appreciated solely from its chemical structure, but rather the substrate has to be examined
in relation to the microbial population to which it is administered.

Such host–microbiome reliance has crucial consequences for clinical interpretation.
Fermentable substrates can induce diverse microbial and metabolic responses, and the same
substrate might elicit different responses in individuals with varied baseline microbiota.
Thus, a positive discovery for one prebiotic preparation should not be readily extrapolated
to prebiotics as a therapeutic class. Individualized responses to dietary fiber therapies [87]
further reinforce the hypothesis that baseline microbiome composition and dietary exposure
may contribute to responder and non-responder phenotypes.

Another restriction is that many of the studies are on intermediate cardiometabolic
outcomes and over relatively short intervention periods. Even if changes are seen in blood
pressure, lipid parameters, glucose metabolism or inflammatory markers, it is not clear
whether these changes translate into long-term reductions in cardiovascular events. The
current findings thus support the justification for further exploration of specific prebiotic
therapies but not for a unified prebiotic-based strategy for cardiovascular prevention or
treatment. Future trials should include characterization of the substrate delivered, as well
as the baseline microbiota makeup, habitual dietary intake, dose, duration, and clinically
relevant results.

3.4. Synbiotics

Synbiotics are defined as combination products of live microorganisms and substrates
specifically used by host microorganisms, conferring a health advantage. Currently, it is
generally accepted to differentiate between complementary synbiotics, where probiotic
and substrate work separately, and synergistic synbiotics, when the substrate is especially
designed to support the co-administered microbe [88]. This difference is clinically rel-
evant as the biological rationale of a synbiotic rests not merely on the combination of
two components but on the functional interaction between the microbe, substrate and
host microbiota.

Several cardiometabolic risk factors have been studied in relation to synbiotics. The
effect of probiotic and synbiotic formulations on outcomes such as body weight, waist
circumference, lipid parameters, glycemic variables and blood pressure was investigated in
a systematic review and meta-analysis of randomized controlled trials in healthy volun-
teers [89]. Some cardiometabolic risk factors were affected, but the authors also pointed
out methodological limitations and varying quality of existing trials, which limit general
conclusions [89]. More recent results on microbiota-targeted therapies and hypertension
further support the importance of synbiotics to blood-pressure research and also point to
the variety of formulations and study populations [79].

Synbiotic therapies are formulation-specific and thus create a major difficulty for
evidence synthesis. Different products can contain different microbial strains, substrates,

https://doi.org/10.3390/nu18183091

https://doi.org/10.3390/nu18183091


Nutrients 2026, 18, 3091 21 of 39

doses and treatment durations, and these components may interact differently with the
recipient microbiome. So a positive result with one synbiotic combination cannot neces-
sarily be extended to another preparation. Additionally, the expected interaction between
the microbial and substrate components may not be consistent amongst individuals, as the
baseline microbiome can affect substrate availability and microbial use [88].

These issues also apply to the evaluation of pooled clinical outcomes. The categoriza-
tion of different synbiotic formulations as one intervention group may hide biologically
important distinctions in strain characteristics, substrate consumption and mechanisms of
action. Future trials should therefore include an extensive description of both components
and test whether specific strain–substrate combinations lead to reproducible effects in
defined populations.

The data now encourage additional research on the use of synbiotics in cardiometabolic
disease, but are not yet sufficient to consider synbiotic treatment as a standardized cardio-
vascular intervention. To assess if improvements in intermediate risk indicators translate to
cardiovascular benefit, well-designed randomized trials with well-described formulations,
appropriate control groups, adequate follow-up and clinically significant outcomes are
required [79,89].

3.5. Postbiotics

Postbiotics have evolved as an alternative to take advantage of microbial abilities
without the administration of living microorganisms. The International Scientific Asso-
ciation for Probiotics and Prebiotics defines postbiotic as “a preparation of inanimate
microorganisms and/or their components that confers a health benefit on the host” [90].
Depending on the preparation, postbiotics may comprise inactivated microbial cells, cell
components, and other biologically active substances produced from microbes. The use of
non-viable preparations may offer practical advantages over live microbial preparations in
terms of stability, manufacture, storage and product handling, but these advantages are
preparation-specific and should not be assumed for all postbiotics [90,91].

From a food technology perspective, the biological features of a postbiotic can be im-
pacted by the source microorganism, the inactivation technique, the processing parameters,
the formulation, the food matrix and the storage conditions [91,92]. Thus, inactivation is
not only a method for removing microbial viability but can also influence the structural
integrity, content and biological activity of microbial components. Interactions of postbi-
otic elements with the surrounding food matrix can also affect their stability, release and
bioaccessibility in a similar way [91,92]. Therefore, while describing a product, the physico-
chemical stability and the conservation of the biological activity relevant to the intended
use should be considered. Standardized reporting of the source microorganism, production
and inactivation techniques, composition, significant bioactive components, and biolog-
ical activity facilitates repeatability and meaningful comparison between experimental
research [91,92].

The cardiovascular importance of postbiotics is mostly based on mechanistic research.
Microbial components and metabolites can modulate pathways implicated in inflammation,
intestinal barrier function, endothelial responses and metabolic balance [90,93]. However,
molecular plausibility must be separated from documented cardiovascular efficacy. Clin-
ical evidence, specifically pertaining to cardiovascular conditions, is still far behind the
general experimental literature. The term “postbiotic” refers to preparations that may
differ in composition and biological activities [90,91]. Therefore, an impact found for one
defined postbiotic preparation cannot be automatically assumed to be the same for another
preparation derived from another microorganism or created by another processing and
inactivation approach.
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This heterogeneity poses a major hurdle to evidence synthesis and therapeutic trans-
lation. Unlike traditional pharmacologic classes where chemicals may share a defined
molecular target, postbiotic preparations may differ in microbial origin, cellular compo-
nents, metabolites, production procedures and biological potency. Therefore, designation
as a postbiotic should not be construed as proof of cardiovascular effectiveness per se.
To establish a cardiovascular role, well-characterized formulations, reliable production
methods, well-defined dosages and properly controlled human investigations would be
needed [90–93].

Therefore, future research should combine standardized product characterization with
mechanistic and clinical evaluation. In particular, it is not yet clear whether changes in
inflammatory, metabolic, endothelial or other intermediate indicators are reproducible and
whether these translate into clinically important cardiovascular outcomes. This differen-
tiation is important, as biological activity exhibited in experimental models or surrogate
indicators does not translate to clinical cardiovascular benefit.

3.6. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is a general strategy to modulate the micro-
biome by transferring a complex microbial community from a screened donor to a recipient.
While probiotics and prebiotics are usually directed at specific microbiota or microbiota
functions, FMT may introduce a broader spectrum of microbiota and microbiota functions.
This potential has attracted attention in metabolic disorders since changes in the intesti-
nal microbiota have been correlated with obesity, insulin resistance, and cardiometabolic
dysfunction [94].

However, existing evidence does not support FMT as an effective cardiovascular strat-
egy. A systematic review and meta-analysis of FMT studies in cardiometabolic disorders
evaluated outcomes including insulin sensitivity, lipid parameters, and microbiome-related
changes, concluding that the available evidence was insufficient to demonstrate consistent
clinically meaningful improvements across cardiometabolic outcomes [94]. A randomized
controlled trial in individuals with metabolic syndrome and obesity provides further hu-
man data, but is limited by the study population, the intervention design and the duration
of follow-up [95]. Thus, the evidence at the present time should be viewed as preliminary
and not adequate to support normal cardiovascular application.

One of the major methodological issues is the diversity introduced by both donor and
receiver characteristics. Donors might differ widely in microbial composition and func-
tional capacity, and recipient parameters such as baseline microbiota, nutrition, metabolic
status, immunological features and concomitant drugs may contribute to engraftment and
clinical response [96]. The extent of microbial engraftment [96], together with donor-related,
recipient-related and procedural parameters, determine therapeutic outcome in FMT stud-
ies. These observations quash the idea that a single definition of a “healthy donor” will be
sufficient for all therapeutic reasons.

Another key factor is the persistence of microbiome alterations. Although transplanta-
tion can result in quantifiable changes in microbial composition, it is not yet clear whether
these changes are lasting and whether persistent transfer is associated with clinically mean-
ingful advantages. This is especially true for cardiovascular applications, where transient
changes in microbiota or metabolic indicators may not translate into sustained changes in
disease risk.

Another consideration is safety for clinical translation. Although FMT is an estab-
lished treatment for recurrent Clostridioides difficile infection in appropriate clinical settings,
its use in other indications demands careful assessment of potential transmission of in-
fectious agents, antimicrobial-resistance determinants, and other undesirable biological
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characteristics. Additionally, the setting may influence donor screening, manufacturing
techniques, routes of administration and regulatory requirements, which adds complexity
to standardization [96].

The current evidence thus favors FMT as a microbiome-modulation method in cardio-
vascular research, rather than as a cardiovascular therapy. Future studies should include
uniform donor selection and processing, robust safety monitoring, long-term follow-up
and appropriately powered randomized designs. Also, of importance is whether certain
donor or recipient microbiota traits might predict lasting clinical responses [94–96].

3.7. Microbial Enzyme Inhibitors

A more targeted approach to modulate microbiome-derived metabolic pathways is
targeting microbial enzymes. One of the best studied examples is the trimethylamine
(TMA)–trimethylamine-N-oxide (TMAO) pathway. Gut bacteria convert dietary substrates
such as choline and carnitine to TMA, which is then oxidized to TMAO by host hep-
atic flavin-containing monooxygenases. This route has gained cardiovascular interest, as
TMAO and associated microbial metabolism have been associated with atherosclerotic
and thrombotic phenotypes [97,98]. However, the link between TMAO and cardiovas-
cular disease does not prove that suppression of microbial TMA synthesis will lower
cardiovascular events.

The microbial choline TMA-lyase encoded by the cutC/cutD system has therefore been
explored as a possible therapeutic target. Preclinical investigations indicated that selective
reduction of microbial TMA synthesis resulted in a decrease in circulating TMAO levels
as well as an attenuation of atherosclerosis-related symptoms in experimental mice [99].
3,3-dimethyl-1-butanol (DMB) was utilized as a non-lethal inhibitor of microbial TMA
production and lowered TMAO levels and atherosclerosis-related alterations in mice, for
example [99]. Other experimental inhibitors have been explored as potential strategies
to target this system [97,100]. This strategy has the conceptual advantage of trying to
change a specific microbial metabolic activity, without generally suppressing the gut
microbial community.

However, the translational evidence remains weak, despite this mechanistic reason.
Much of the experimental evidence has been obtained in preclinical models, and the extent
to which targeted suppression of microbial TMA formation can safely induce clinically
relevant cardiovascular consequences in humans remains uncertain [97,99]. Important
considerations include the pharmacokinetics, long-term safety, implications on the broader
microbial ecosystem, interactions with food, and whether chronic decreases in TMAO or
related compounds translate into improved cardiovascular outcomes.

Another problem is the metabolic redundancy of the gut flora. Microbial routes for
metabolite synthesis can be dispersed throughout different taxa and vary widely between
people [97,100]. So, inhibition of one enzymatic pathway could be compensated for by
alternative microbial processes or community structure changes. This potential places
constraints on the assumption that alteration of one microbial enzyme would always yield
a lasting therapeutic benefit.

Recent work on CutC strengthens the case for microbial choline metabolism as a
viable therapeutic target, while underlining the importance of connecting molecular insight
with translational development [100]. Future studies should integrate metagenomic and
metabolomic characterization with targeted pharmacologic intervention to identify those
in whom the relevant pathway is sufficiently active and clinically helpful. Critically,
future therapy studies should distinguish between reductions in microbial metabolites
or biomarkers and observed benefits in cardiovascular outcomes [97,100]. Inhibition of
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microbial enzymes is, at present, an exploratory strategy, with a good molecular basis, but
inadequate clinical evidence to support its broad usage in cardiovascular therapy.

3.8. Therapeutic Perspective

Taken together, dietary treatments, probiotics, prebiotics, synbiotics, postbiotics, FMT,
and microbial enzyme inhibitors provide many ways to modulate the gut–cardiovascular
axis. They differ in microbiota specificity, reversibility, scalability, safety profile, and volume
of clinical evidence.

Microbiome-targeted treatments vary widely in terms of specificity, clinical maturity,
reversibility, scalability, safety, and strength of evidence. These discrepancies are relevant
in relation to their possible involvement in cardiovascular medicine. Dietary modification
offers the broadest clinical basis and the most potential for scaling, but we cannot attribute
its cardiovascular benefits directly to microbiome changes since dietary interventions im-
pact several host pathways simultaneously. Probiotics and prebiotics are reasonably easy to
obtain and typically practical for long-term usage, but their effects are extremely reliant on
strain or substrate properties, dose, host phenotype and baseline microbiome composition,
and clinical outcomes have been variable. Synbiotics, a combination of microorganisms
and defined substrates, may provide improved functional specificity; however, evidence
is formulation-specific. While postbiotics might have certain benefits over live microbial
preparations in terms of stability and safety, the variety of postbiotic products and the scant
data on cardiovascular outcomes now limit their therapeutic interpretation.

However, the application of FMT in cardiovascular therapy is limited by donor vari-
ability, uncertainty in durability, concerns over infectious and other safety issues, challenges
in standardization, and regulatory constraints. FMT may induce a more widespread and
complicated modification in the microbiota than conventional supplementation. Targeted
microbial enzyme inhibition offers a potentially more precise approach, as it aims to mod-
ulate a specific disease-associated microbial activity, not the microbiome in its entirety.
However, most of these approaches are currently at a pre-clinical or early translational
stage, and questions remain regarding pathway redundancy, inter-individual variance and
long-term safety [65,66,94,100].

To summarize, the gut microbiome is increasingly becoming recognized not just as a
biomarker of cardiovascular illness, but also as an actionable therapeutic target. But efficient
translation will have to go from descriptive relationships to treatments on causally relevant
microbial species, genes, pathways and metabolites. Overall, the available evidence does
not support the concept that microbiome-directed therapies are interchangeable classes
of therapy. The promise they hold for translation rests not only on their ability to alter
microbial composition or activity but also on whether such changes translate to reproducible
and clinically relevant cardiovascular benefit.

Future clinical trials should focus on well-described therapies, standardization of
microbiome and metabolome measures, clinically significant cardiovascular outcomes and
identification of responder phenotypes. Such precision-oriented approaches may ultimately
allow microbiome modulation to become a complementary approach to standard cardiovas-
cular prevention and treatment rather than a nonspecific therapeutic strategy [65,66,100].

4. Cardiovascular Drugs and the Microbiome
Most reviews on the gut microbiome–cardiovascular disease relationship have fo-

cused on the influence of the microbiome on the cardiovascular system, including the
contributions of microbial dysbiosis and microbiota-derived metabolites to atherosclerosis,
hypertension, thrombosis, heart failure, and other cardiovascular phenotypes. But this
relationship is not one way. Cardiovascular medicines can themselves modulate the com-
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position and metabolic activity of the gut microbiome, and the microbiome can modulate
the pharmacokinetics and pharmacodynamics of cardiac treatments. This bidirectional link
underlies the growing notion of drug–microbiome interactions or pharmacomicrobiomics
as a potentially major predictor of cardiovascular therapy response [101–103].

The gut microbiome may affect drug disposition by many methods. Microbial enzymes
may directly modify orally delivered medications before or after intestinal absorption, lead-
ing to the formation of metabolites with active, inactive or perhaps toxic properties. In
addition, microbial metabolites can affect host drug-metabolizing enzymes and trans-
porters, alter intestinal permeability and bile-acid metabolism, and modulate inflammatory
and immunological pathways that are involved in pharmacological responses. There-
fore, interindividual variation in microbial composition and function may contribute to
variation in medication metabolism, bioavailability, efficacy and side effects [101–103].
Large-scale experimental analyses have demonstrated that gut bacteria can chemically
modify a large fraction of commonly used drugs, offering a mechanistic basis for consid-
ering the microbiome as an additional contributor to pharmacological variability beyond
host genetics [101,102].

4.1. Statins

Statins are one of the best studied examples of a potential bidirectional interaction
between cardiovascular drugs and the gut microbiome. Statin drugs have a pharmacologic
effect of blocking hepatic HMG-CoA reductase, but evidence is emerging that this is not a
one-way interaction. Exposure to statins appears to remodel the gut microbiome, whereas
baseline microbial composition may condition the lipid-lowering response [104–106]. How-
ever, the evidence base is strikingly inconsistent across research, and this is informative
rather than incidental. Statin-induced microbial compositional shifts have been more
consistently demonstrated in animal studies, whereas human data associating specific
taxa to treatment response have not converged on the same bacterial signatures across
cohorts, which is more consistent with population-specific confounding (diet, baseline
dysbiosis, statin type and dose) than a single, generalizable microbial mechanism. This
raises the question as to whether “the microbiome” is a proxy for unmeasured nutritional
or metabolic variables rather than a causal, independent contributor.

The most consistent human signal to date associates a low-diversity microbiome profile
enriched in Bacteroides with both increased lipid-lowering response and susceptibility
to statin-associated metabolic side effects [105]—a finding that, if replicated, would be
clinically significant precisely because it associates a single microbial signature with both
efficacy and risk rather than with one or the other. But one-cohort findings of this sort are
not yet able to differentiate a causal microbial mechanism from a common upstream cause,
such as a host metabolic profile that modulates both microbiome composition and statin
pharmacodynamics independently.

The bile-acid hypothesis offers a more mechanistically plausible link than composition-
outcome correlations alone, since statins and bile acids share intestinal and hepatic transport
pathways, and microbiota-dependent changes in the bile-acid pool could directly affect
statin bioavailability rather than merely correlate with it [103,106]. This distinction is impor-
tant because a shared-transporter mechanism is testable and falsifiable, whereas taxonomic
association studies are not. Until pharmacokinetic studies precisely quantify statin exposure
as a function of bile-acid-modifying microbial activity, the field has a plausible theory but
not yet mechanistic proof. Microbiome-based stratification of statin medication is therefore
a hypothesis-generating observation rather than a confirmed biomarker, and prospective
studies designed to evaluate the mechanism—not only to reproduce associations—are the
critical next step.
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4.2. ACE Inhibitors and Angiotensin Receptor Blockers

The interaction between renin–angiotensin system (RAS) inhibitors and the gut micro-
biota is particularly interesting in relation to hypertension and cardiovascular remodeling,
and here the directionality problem is very prominent. Angiotensin II has a direct impact
on intestinal permeability, inflammation, and microbial composition. Thus, any change
in the microbiome after initiation of an ACE inhibitor or ARB may be due to a direct
drug–microbiome interaction, an indirect effect of lowering blood pressure and improving
splanchnic perfusion, or a consequence of diet and lifestyle changes that often accompany
initiation of antihypertensive therapy. The literature so far has seldom made any distinction
between these options [107,108].

Experimental studies have linked RAS inhibition to enhanced microbial diversity and
enrichment of SCFA-generating genera (Bifidobacterium, Bacteroides, Blautia, Akkermansia)
and increases in acetate, propionate, and butyrate [107]. This is put out as proof that the
medications change the microbiome in a good way. But the opposite causal path is equally
consistent with the same data: SCFA-producing bacteria are known to expand under
conditions of enhanced gut barrier integrity and reduced systemic inflammation, both
downstream consequences of blood-pressure control rather than a specific pharmacological
action on the microbiota. The published studies do not include the mediation analyses (e.g.,
assessing whether microbiome change precedes or follows blood-pressure change) would
be needed to judge between these theories.

The fecal-transfer trials are the best evidence in this part because they are causal
by design: transfer of microbiota from ARB-treated donors improved blood pressure,
vascular remodeling, and oxidative stress in recipient animals [108]. This shows that the
ARB-associated microbiota can provide some cardiovascular benefit in that model, a much
more powerful argument than the correlational statin and human RAS-inhibitor results
presented above. But translation is limited on two fronts, not one. The human evidence
for RAS inhibitors altering the microbiome is itself minimal [107]. Even the animal causal
evidence has not been taken further to ask whether ARB-attributable microbiome effects
contribute a clinically meaningful fraction of antihypertensive efficacy in humans or are
a minor epiphenomenon alongside a dominant direct pharmacological effect. This will
require human trials with pre-treatment microbiome stratification and mediation modeling,
not more descriptive taxonomic studies.

4.3. SGLT2 Inhibitors

Their cardiovascular benefit is already known to be greater than expected from glu-
cose lowering alone, thus leaving open multiple possible mediators, natriuresis, metabolic
remodeling, inflammation, oxidative stress and altered substrate use, of which the mi-
crobiome is only one, and not obviously the main one. Thus, SGLT2 inhibitors offer an
attractive test case for the pharmacomicrobiomics framework.

The most robust single piece of evidence is the empagliflozin RCT, which is prospec-
tive in humans and associates microbiome remodeling (increased richness and diversity,
enrichment of Roseburia, Eubacterium, and Faecalibacterium) with concurrent changes in cir-
culating metabolites and cardiovascular risk parameters [109]. However, “linked to” is not
“caused by”: improved glycemic control and decreased glucosuria-mediated caloric loss
independently affect dietary intake, gut transit time, and luminal glucose availability, any
of which could affect microbial composition without the microbiome itself contributing to
the cardiovascular outcome. As described, the trial does not seem to have a mediation anal-
ysis that isolates the independent contribution of the microbiome from these co-occurring
metabolic changes, so the microbiome remodeling finding, however robust, remains an
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association that runs in parallel to the cardiovascular benefit rather than a demonstrated
causal contributor to it.

This caution is supported by the absence of consistency among other SGLT2 inhibitor
studies rather than being noise: if microbiome remodeling were a major mediator of a
class-wide cardiovascular effect, one would expect more convergent microbial signatures
across agents with a common mechanism of action. The finding that different SGLT2 in-
hibitors, treatment durations, and dietary contexts provide diverse microbial results is more
consistent with the microbiome acting as a downstream marker of differential metabolic
response rather than an upstream driver of therapeutic efficacy. Therefore, current evidence
supports an association between SGLT2 inhibition and microbiome remodeling, but the
causal architecture (whether the microbiome contributes to, is a consequence of, or is
coincident with the cardiovascular effects of the drugs) remains unresolved.

4.4. Aspirin

The preclinical data on the bile-acid-repair axis are causal by design, as an experimental
model showed that microbiota-dependent bile-acid signaling is involved in intestinal repair
following aspirin-induced damage [110], directly supporting the claim that the microbiome
is an active participant, rather than a passive victim, of aspirin’s gastrointestinal effects.
This is a mechanistically informative observation, as it points to a specific mechanism
(bile-acid signaling) rather than an unspecific “microbiome effect”.

The human observational data are of a different evidential nature. Long-term use of
aspirin has been linked to altered gut microbial composition, particularly when used in
combination with atorvastatin [111]. However, these cohorts are typically characterized
by polypharmacy and heterogeneous cardiovascular risk profiles, making it impossible
to separate the aspirin-specific effect—the observation is consistent with aspirin causing
the alteration, atorvastatin causing it, the combination causing it synergistically, or the
underlying common cardiovascular risk profile (diet, comorbidity burden) driving both
drug exposure and microbiome state independently. Without aspirin-monotherapy cohorts
or dose-stratified analyses, this observational finding cannot be utilized to support a specific
aspirin-microbiome mechanism, merely to motivate one.

The synthesis of these two types of evidence yields an asymmetrical picture: there is
a plausible, mechanistically demonstrated pathway whereby the microbiome is involved
in repair from aspirin-induced GI injury, but there are, as yet, no data of comparable
rigor that establish the baseline microbiome composition that can predict susceptibility
to aspirin-related GI harm in humans. Neither strand of current evidence answers the
clinically relevant question of whether microbiome profiling can help identify patients at
increased risk of aspirin-related GI bleeding while retaining its cardiovascular benefit. This
question should be posed as the specific and testable knowledge gap it is, rather than a
general call for “further studies”.

4.5. Antiplatelet Drugs

The primary assertion, that TMAO modifies platelet reactivity and hence may affect
the biological milieu in which antiplatelet agents operate [112], is a pharmacodynamic
hypothesis rather than an established interaction. It has biological plausibility (TMAO
impacts platelets; the microbiota creates TMAO), but no proof has been made that levels
of TMAO obtained from the microbiome truly predict antiplatelet medication efficacy,
resistance, or bleeding risk in patients.

The clopidogrel data do not resolve this problem; they add to it. High on-treatment
platelet reactivity has been associated with metabolic abnormalities, including obesity and
heart failure, as well as insulin resistance, which is independently connected with gut
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dysbiosis [113]. This is a classic confounder scheme where the metabolic disorder could
influence both platelet reactivity and microbiota composition through common pathways
(systemic inflammation, altered bile acid and lipid metabolism) without either variable be-
ing the cause of the other. Using this connection as evidence of the microbiome-antiplatelet-
response link without considering the shared-confounder explanation exaggerates the
evidence in the data.

The evidence we have now supports a biologically plausible hypothesis—that mi-
crobial metabolites could affect the platelet-vascular environment in which antiplatelet
medications work—but not a confirmed clinical benefit. In essence, there is no direct
evidence relating distinct microbial taxa or metabolite profiles to measurable differences in
antiplatelet efficacy or bleeding outcomes (Summary in Table 2).

Table 2. Bidirectional interactions between cardiovascular medications and the gut microbiome.

Cardiovascular
Drug/Class

Effects on the Gut
Microbiota

Proposed
Microbiome-Mediated

Mechanisms

Potential Clinical
Implications

Statins

Statin treatment may modify
microbial composition, diversity,

and metabolic activity.
Conversely, baseline

microbiome composition has
been associated with variability
in statin response and metabolic

adverse effects.

Microbiota-dependent bile
acid metabolism may
influence cholesterol
homeostasis and host

signaling through
FXR/TGR5 pathways.

Microbial composition may
also affect drug

metabolism and systemic
metabolic responses.

May contribute to
interindividual variability

in LDL-C lowering and
susceptibility to adverse

metabolic effects. Gut
microbiome profiles may

eventually serve as
biomarkers of statin

response.

ACE inhibitors

Experimental studies suggest
alterations in microbial diversity

and enrichment of taxa
potentially associated with
SCFA production following

RAS inhibition.

Microbial SCFAs may
influence vascular tone,

immune signaling,
intestinal barrier integrity,

and blood-pressure
regulation.

Gut microbiome
modulation may contribute
to some pleiotropic effects

of ACE inhibition,
although clinical relevance

remains uncertain.

Angiotensin receptor
blockers (ARBs)

ARB treatment has been
associated experimentally with

changes in Bifidobacterium,
Bacteroides, Blautia, Akkermansia,

and microbial metabolites.

Changes in microbial
metabolites, particularly

SCFAs, may affect vascular
inflammation, oxidative
stress, intestinal integrity,

and blood-pressure
regulation.

Microbiome remodeling
may contribute to

antihypertensive and
vascular-protective effects.

Evidence remains
predominantly preclinical.

SGLTS2 inhibitors

Empagliflozin has been
associated with increased

microbial richness and diversity
and enrichment of

SCFA-producing genera,
including Roseburia, Eubacterium,

and Faecalibacterium.

Microbiome changes may
influence circulating

metabolites, inflammation,
energy metabolism, and

cardiometabolic signaling.

Microbiome remodeling
may contribute to the

cardiovascular benefits of
SGLT2 inhibitors beyond

glucose lowering.
Causality remains to be

established.

Aspirin

Aspirin may alter gut microbial
activity and microbial–bile acid

interactions, particularly
following prolonged exposure.

Microbiota-dependent bile
acid signaling may

influence epithelial repair,
intestinal barrier function,

and inflammatory
responses following

aspirin-induced injury.

Individual microbiome
characteristics may

contribute to differences in
gastrointestinal tolerance

and susceptibility to
aspirin-associated mucosal

injury.

https://doi.org/10.3390/nu18183091

https://doi.org/10.3390/nu18183091


Nutrients 2026, 18, 3091 29 of 39

Table 2. Cont.

Cardiovascular
Drug/Class

Effects on the Gut
Microbiota

Proposed
Microbiome-Mediated

Mechanisms

Potential Clinical
Implications

Clopidogrel

Direct effects of clopidogrel on
the microbiome remain

insufficiently characterized.
Microbial metabolic capacity

may nevertheless contribute to
variability in oral drug

disposition.

Microbial metabolic
pathways and host

metabolic status may
influence drug exposure

and platelet response.
Microbial metabolites such
as TMAO may additionally

modulate platelet
reactivity.

May contribute to
interindividual variability

in antiplatelet response
and thrombotic risk,

although direct causal links
remain limited.

Antiplatelet
therapy—microbial

metabolite interaction

Microbial metabolites can
influence platelet biology

independently of direct drug
metabolism.

TMAO can enhance
platelet hyperreactivity
and thrombosis through

effects on platelet signaling
and vascular biology.

The microbiome may
modify the biological
environment in which

antiplatelet drugs act and
could potentially influence

the balance between
thrombotic protection and

bleeding risk.

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; FXR, farne-
soid X receptor; LDL-C, low-density lipoprotein cholesterol; RAS, renin–angiotensin system; SCFA,
short-chain fatty acid; SGLT2, sodium–glucose cotransporter 2; TGR5, Takeda G-protein-coupled bile
acid receptor 1; TMAO, trimethylamine-N-oxide.

4.6. From Microbiome–CVD Associations to Pharmacomicrobiomics

Taken together, the data indicates a paradigm shift in the way the gut microbiome
is perceived in cardiovascular care. The conventional paradigm suggests that changes in
the composition of microbiomes contribute to cardiovascular disease through microbial
metabolites, compromised intestinal barrier function, inflammation, and metabolic dys-
regulation. A more complete model must also account for the fact that cardiovascular
medication can remodel the microbiome and the microbiota can modify drug disposition
and response.

Hence, cardiovascular medications and gut microbes may represent a dynamic bidi-
rectional system:

Cardiovascular drug → gut microbiome → microbial metabolites/enzymes → host
metabolism and signaling → drug efficacy and adverse effects.

With a reciprocal pathway:
Gut microbiome → drug metabolism/bioavailability → pharmacological exposure →

cardiovascular response.
This paradigm could serve to explain part of the large interindividual heterogeneity

in response to cardiovascular medication. Two patients treated with the same medication
at the same dose may have different microbial communities, variable microbial metabolic
capabilities and therefore possibly varied drug exposure, therapeutic responses or suscep-
tibility to adverse effects. Importantly, this hypothesis does not suggest that microbiome
differences are currently ready for clinical use, but suggests an additional potential level of
biological diversity that warrants future exploration.

The emerging field of pharmacomicrobiomics thereby offers an opportunity to move
beyond the conventional question of whether the microbiome contributes to cardiovas-
cular disease, and toward a broader question: how does the microbiome influence the
effectiveness and safety of cardiovascular treatment, and how do cardiovascular drugs
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in turn reshape the microbial ecosystem? Answering this question may lead to a more
customized cardiovascular medication in which microbial composition and activity are
evaluated along with clinical features, host genetics, diet and conventional pharmacokinetic
and pharmacodynamic determinants [101–103].

5. Challenges and Future Perspectives
Although evidence for the function of the gut microbiome in CVD is accumulating,

there are still several critical issues that need to be addressed before microbiome-targeted
strategies may be included in routine cardiovascular prevention and therapy. The present
database is characterized by significant variation in study populations, illness phenotypes,
food patterns, medication exposure, microbiome gathering and sequencing techniques,
analytical pipelines, and clinical outcomes. Consequently, apparently identical studies
might find different microbial profiles or report conflicting relationships with cardiovascular
risk. These recent initiatives to standardize reporting of clinical information, sampling
protocols, analytical approaches and clinical objectives highlight that harmonization will
be critical to enhance reproducibility and comparability in microbiome research [114,115].

Another problem is the tendency to look at microbiome changes at the genus or species
level, despite large functional differences between individual strains. Close relatives
of microbial strains may differ greatly in their metabolic capacities, host interactions
and effect on inflammation or cardiovascular risk. Thus, the classification of a bacterial
genus as “beneficial” or “harmful” may be an inadequate description of its biological
consequences. Future research should combine strain-level resolution with functional
profiling, metagenomics, metatranscriptomics and metabolomics to understand which
microbial activities, rather than which taxa, are linked to cardiovascular abnormalities. This
distinction is especially essential for probiotic research as therapeutic effects are often strain-
specific and cannot necessarily be generalized from one bacterium to another [116,117].

Another key challenge to the development of universally effective microbiome-based
medicines is the heterogeneity across individuals. The composition and functional capacity
of the gut microbiome are modified by age, genetics, diet, lifestyle, geography, exposure to
medicine, metabolic status, and other environmental factors. Importantly, individuals with
comparable clinical characteristics may have quite varied microbiome compositions and
may respond differentially to the same intervention. The variability is the rationale for mov-
ing away from a one-size-fits-all approach toward precision microbiome medicine, where
baseline microbial composition and metabolic characteristics could be taken into account
when choosing dietary, probiotic, prebiotic, postbiotic or metabolite-directed interventions.
Eventually, this method could enable the combination of microbiome-based approaches
with classical risk factors and other molecular characteristics in cardiovascular medicine to
define individuals who are most likely to benefit from a particular intervention [117,118].

Therefore, the creation of reliable microbiome-derived biomarkers is a highly signif-
icant direction for the future. Potential to aid in cardiovascular risk stratification, early
disease diagnosis, prediction of disease progression, or identification of therapy responders
includes microbial taxa, microbial genes, metabolic pathways, and circulating microbial
metabolites. However, many of the proposed biomarkers are derived from observational
research and could be surrogate markers for disease-associated alterations rather than
causal factors. Prospective validation in independent and heterogeneous populations,
assessment of incremental predictive value beyond established cardiovascular risk fac-
tors, and confirmation that biomarker-guided decisions enhance patient outcomes will be
required for their therapeutic relevance. The integration of microbiome data with other
omics data, including metabolomics, proteomics, genomics and clinical data, is discussed
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for its potential significance since the composition of microbiota alone may not be enough
to reflect the functional status of the gut environment [114,119].

Such advances may enable the creation of tailored probiotics and next-generation
microbiome therapies. Traditionally, probiotics have been administered using a population-
based strategy, with a single strain or mix of strains given to subjects with varied baseline
microbiomes. A precision approach, however, would instead use pre-treatment microbiome
profiling and functional characterization to choose strains or microbial consortia with the
highest probability of colonizing, functioning, or producing the intended metabolic effect
in a specific host. Recent work has suggested the promise of combining multi-omics
profiling, predictive modeling and strain engineering to generate more focused probiotic
therapies. However, tailored probiotics are an emerging idea and many critical questions
concerning efficacy, long-term safety, strain selection, manufacturing uniformity, regulatory
classification and clinical validation are still to be answered [120,121].

Another interesting breakthrough is the application of artificial intelligence (AI) and
machine learning to the increasingly complex data sets generated by microbiome research.
Conventional statistical approaches may not be sufficient to capture non-linear connec-
tions among microbial taxa, microbial metabolites, host features, food, pharmaceuticals
and cardiovascular phenotypes. AI-assisted techniques might combine metagenomic,
metabolomic, proteomic, clinical, and lifestyle data to discover complex microbial signa-
tures, find candidate biomarkers, predict individual responses to microbiome-targeted
treatments, and potentially aid therapy selection. Recent reviews have pointed to the
potential of AI and integration of multi-omics for biomarker discovery and prediction of
therapy response, but also highlighted that model interpretability, data quality, external
validation and clinical implementation are still key challenges [119,122].

Critically, computer prediction should not be taken as a replacement for biological
validation. Associations revealed by machine-learning models need to be validated by
experimental methodologies that can show causation, including mechanistic in vitro sys-
tems, animal models, organoids and well-planned human intervention trials. Consensus
efforts in recent years have explicitly addressed the significance of strengthening preclini-
cal models and standardizing experimental procedures to improve causal inference and
translational reproducibility in microbiome research [123]. Likewise, AI models trained on
data from one community may not perform well in another due to changes in nutrition,
ethnicity, geography, drug use, sequencing platforms, or illness prevalence. Therefore,
future research on microbiome-AI ought to focus on large, diversified, and longitudinal
datasets and thorough external validation rather than strong prediction performance within
single cohorts.

In the end, for the translation of microbiome research to cardiovascular treatment to
be successful, it will be necessary to move beyond descriptive relationships to interventions
that are mechanistically informed, reproducible and clinically actionable. To identify
causative microbiome abnormalities that can be therapeutically targeted, standardized
methodology, strain-level characterization, longitudinal sampling, integration of multi-
omics data, and well-designed randomized clinical trials will be necessary. Thus, the field is
ready to transition beyond the identification of particular “beneficial” or “harmful” bacteria,
to an understanding of individualized microbial roles and host–microbe interactions. In this
respect, the future of microbiome-targeted cardiovascular medicine might not be a single
universal probiotic or microbial target but rather an individualized therapeutic framework
encompassing the patient’s microbiome, microbial metabolites, diet, medications, clinical
phenotype and other molecular characteristics. Such a strategy could eventually transform
the gut microbiota from a mostly observational measure of cardiovascular health into a
therapeutically useful component of precision cardiovascular care [114,118,119,122].
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6. Conclusions
Diet, metabolism, immunity, and cardiovascular health are linked by a complex bi-

ological network where the gut microbiota has emerged as a crucial player. Emerging
data indicates that changes in microbial makeup and activity are linked to major cardio-
vascular diseases, such as atherosclerosis, hypertension, heart failure, and thrombotic
illness. Microbial-derived metabolites, including trimethylamine-N-oxide, short-chain
fatty acids, bile acids and indole derivatives, are important mechanistic links between
intestinal microbial activity and cardiovascular physiology, albeit with highly context-
dependent effects that cannot simply be reduced to a distinction between “beneficial” and
“harmful” metabolites.

From a nutritional point of view, the therapeutic potential of addressing the gut
microbiome is particularly relevant. Dietary patterns, dietary fiber, polyphenols, prebiotics,
probiotics, synbiotics and postbiotics may alter cardiovascular risk by their impact on
microbial composition and metabolic activity. Other techniques include fecal microbiota
transplantation and targeted suppression of certain microbial metabolic pathways, although
their use in cardiovascular disease remains experimental. Importantly, microbiome-directed
therapies should be viewed as complimentary to known cardiovascular preventative and
treatment measures and not as substitutes for evidence-based pharmaceutical therapy.

An important and developing part of the gut–heart axis is the bidirectional interaction
with cardiovascular drugs. Statins, renin–angiotensin system inhibitors, SGLT2 inhibitors,
aspirin and anti-platelet treatments may modulate the intestinal microbiome and microbial
enzymes and metabolites may influence medication metabolism, pharmacological efficacy
and side effects. This new science of pharmacomicrobiomics opens up the possibility that
interindividual differences in the microbiome may be an additional factor contributing
to interindividual differences in cardiovascular therapy response, in addition to genetic,
metabolic, nutritional, and environmental factors.

While significant progress has been made, some problems are now hampering trans-
lation into clinical practice. Differences in research populations, nutritional intake, med-
ication usage, microbiome profiling techniques, sequencing tactics and analytical tools
make studies difficult to compare. Furthermore, relationships between particular taxa
and cardiovascular symptoms are not always causal, and the functional capacity of the
microbiome may be more revealing than taxonomic makeup alone. Future research should
therefore go beyond descriptive characterization to longitudinal, mechanistic and suffi-
ciently powered clinical studies incorporating metagenomics, metabolomics, host genetics,
dietary information and clinical phenotyping.

Among the currently available microbiome-targeted strategies, dietary interventions,
especially healthy diets rich in fiber and polyphenols, seem to have the most translational
potential, due to their broader metabolic and cardiovascular effects and established role in
cardiovascular prevention. Prebiotics, probiotics, synbiotics and postbiotics are promising,
but more context-dependent treatments where clinical efficacy is strain- or formulation-
specific, host-specific, depending on baseline microbiota and impacted by dietary backdrop.
Fecal microbiota transplantation and targeted inhibition or regulation of certain microbial
metabolic pathways are highly experimental in the setting of cardiovascular disease and
require considerably more information as to efficacy, safety, patient selection, and long-
term effects.

However, several mechanistic gaps need to be addressed before microbiome-based
therapies may be implemented in precision cardiovascular therapy. These include determin-
ing causal links between specific microbial functions and cardiovascular events, whether
microbial metabolites or taxa are appropriate therapeutic targets, how individuals differ
in their response to treatment, and identifying robust biomarkers that can predict clinical
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benefit. Future investigations should thus aim at long-term well-powered clinical trials that
include metagenomics, metabolomics, host genetics, dietary data, pharmaceutical exposure
and thorough cardiovascular phenotyping. Such research will be key to assessing whether
the microbiota can be manipulated, and whether such manipulation can consistently result
in clinically substantial changes in cardiovascular outcomes.
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